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Non-planar diamond electrodes for biomedical neural sensing and stimulating
Abstract
Abstract
Conductive diamond has exceptional chemical stability, making it an appealing candidate material for
long-term medical device implants. This work describes the characterization, and fabrication of four
diamond-based neural devices. A previously developed 30 µm diamond-disk in vitro needle electrode was
characterized. The device could detect 1 nM concentration analytes in a flow cell using fast scan cyclic
voltammetry, but the fabrication was not reproducible. A novel in vitro diamond device was developed
with diamond selectively grown at the tip of a hollow quartz capillary, resulting in a 2-4 µm tip diameter.
The diamond tip shape and size were geometrically reproducible, although an electrical connection to
these tips is still needed. Two novel in vivo diamond based devices were also fabricated. The first
generation in vivo diamond electrode was assembled by attaching a brittle diamond electrode to a flexible
insulated substrate. The device fabrication time was 6 hrs of hands-on activity, but it was successfully
implanted in a freely behaving Aplysia californica. Electrical recordings were compared to a stainless
steel standard for two surgeries, respectively 8 days post surgery and 12 days post surgery. However,
external electrical connections to equipment had sufficiently large noise and signal variability. No
definitive conclusions could be reached about differences in recordings by diamond and steel.
A second generation in vivo diamond electrode was fabricated on a substrate that remained flexible after
diamond growth, also reducing the fabrication time by 4 hrs. Substrates typically become embrittled
during diamond growth because of surface carbide formation. Two rhenium alloys, 75% tungsten / 25%
rhenium (v/v) and 47.5% molybdenum / 52.5% rhenium (v/v), were investigated as flexible substrates that
might not form carbides during diamond growth but adhere strongly to diamond. Three growth times
were explored, with the rhenium alloys compared to a traditional tungsten substrate. Diamond grown for
20 hours on 47.5% molybdenum / 52.5% rhenium alloy had the highest diamond quality (crystal size, sp3
content, and good electrochemical activity), with the substrate remaining flexible after the diamond
growth. This device has not yet been insulated with a biocompatible material; however, in vitro recordings
were obtained with Aplysia.
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Non‐Planar Diamond Electrodes for Biomedical Neural Sensing and Stimulating

Abstract
by
JEFFREY MARK HALPERN

Conductive diamond has exceptional chemical stability, making it an appealing
candidate material for long‐term medical device implants. This work describes the
characterization, and fabrication of four diamond‐based neural devices. A previously
developed 30 m diamond‐disk in vitro needle electrode was characterized. The device
could detect 1 nM concentration analytes in a flow cell using fast scan cyclic
voltammetry, but the fabrication was not reproducible. A novel in vitro diamond device
was developed with diamond selectively grown at the tip of a hollow quartz capillary,
resulting in a 2‐4 m tip diameter. The diamond tip shape and size were geometrically
reproducible, although an electrical connection to these tips is still needed.
Two novel in vivo diamond based devices were also fabricated. The first
generation in vivo diamond electrode was assembled by attaching a brittle diamond
electrode to a flexible insulated substrate. The device fabrication time was 6 hrs of
hands‐on activity, but it was successfully implanted in a freely behaving Aplysia
californica. Electrical recordings were compared to a stainless steel standard for two
surgeries, respectively 8 days post surgery and 12 days post surgery. However, external
electrical connections to equipment had sufficiently large noise and signal variability. No
xxiii

definitive conclusions could be reached about differences in recordings by diamond and
steel.
A second generation in vivo diamond electrode was fabricated on a substrate
that remained flexible after diamond growth, also reducing the fabrication time by
4 hrs. Substrates typically become embrittled during diamond growth because of
surface carbide formation. Two rhenium alloys, 75% tungsten / 25% rhenium (v/v) and
47.5% molybdenum / 52.5% rhenium (v/v), were investigated as flexible substrates that
might not form carbides during diamond growth but adhere strongly to diamond. Three
growth times were explored, with the rhenium alloys compared to a traditional
tungsten substrate. Diamond grown for 20 hours on 47.5% molybdenum / 52.5%
rhenium alloy had the highest diamond quality (crystal size, sp3 content, and good
electrochemical activity), with the substrate remaining flexible after the diamond
growth. This device has not yet been insulated with a biocompatible material; however,
in vitro recordings were obtained with Aplysia.

xxiv

1.0

Background
Polycrystalline diamond has been grown as a thin film on substrates for over 40

years using high‐temperature, low pressure techniques. The first report of conductive
diamond films grown with in situ boron‐doping was in 1973.1 There are multiple types of
polycrystalline diamond, including microcrystalline diamond (MCD), nanocrystalline
diamond (NCD), and ultrananocrystalline diamond (UNCD).2-10 In recent years, several
reviews have been written about application of boron‐doped polycrystalline diamond as
an electrode.e.g.,9,11-15 The reaction mechanisms for chemical vapor deposition (CVD) of
polycrystalline diamond have been studied and modeled.12,14,16-27 Standard substrates
for diamond growth are those that form carbides during the initial growth to establish a
strong bond with the underlying substrate.9,12,19,28,29 The carbides also reduce the film
stress by better matching the crystal lattice structure of the two joining crystalline
materials.12,30-32 Various gas sources are used, depending on the desired properties, but
primary components are a carbon source, dopant, and hydrogen.1,12,17,18,21,24-26,29,33-37
The resulting uniform film can be comparable to single‐crystal diamond in terms of its
mechanical and chemical stability.5,12
1.1

Why Diamond as a Biomedical Sensor – Advantages of Diamond
Even though diamond has been grown for over 40 years,1 its use as a biomedical

sensor has a much shorter history.9,38 Many problems with current sensor materials
include corrosion, mechanical failure, fouling, and poor interaction with the biological
medium.39 As a new material for the biomedical community, diamond could add many
benefits as a neurological sensor, as listed in Table 1.1 and described in detail below.
1

Table 1.1: Advantages of thin‐film diamond with the impact pertinent to biomedical
applications. Some advantages have more than one impact for biomedical applications;
however, only one is chosen for simplicity and space.

Advantages
Low Baseline Current
Large Potential Window
Chemical and Mechanical
Stability
Insensitivity to Oxygen
Reduction
Optical Transparency in UV,
Visible, and IR regions
Unique Simple Surface
Chemistry

Impact
High Sensitivity
Access to Additional Neurotransmitter
Oxidation and Reduction Reactions
Corrosion Resistance
Minimized Interference from Oxygen in
Biological Systems
Opportunity to Integrate Optical
Detection
More Predictable Surface
Functionalization

Diamond’s unique electrochemical behavior leads to many advantages over
other common electrode materials being used in the neurological sensing and
stimulating community. Diamond has a reported low baseline current (0.01 A/cm2),4,5
indicating that diamond should have high sensitivity for electrical recording and
chemical sensing using voltammetric techniques.3,40-44 The large potential window
(greater than +4 V on a high‐quality diamond sample from oxygen to hydrogen
evolution) exhibited by diamond4,5 allows additional chemistry to be accessed using
voltammetric and galvanostatic techniques.42 In addition, during electrode‐induced
neural stimulation, greater potentials can be used without accessing water hydrolysis
limits. This could lead to greater levels of charge injection, or, at a minimum, more
reversible charge injection.45 The large potential window and small baseline current are
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unique to diamond as shown in previous work comparing diamond to highly ordered
pyrolytic graphite (HOPG) and platinum (one of the leading neural stimulators).4
Another advantage of diamond is its stable crystal structure with a surface that is
typically fouling‐resistant.9,11,15,35,36,46-48 In biological tissue, many chemicals foul the
surface of traditional electrode materials. For example, during serotonin detection, it
adsorbs irreversibly to a carbon fiber surface, fouling the surface,39,49-51 but does not
adsorb to a diamond surface.40,44 Bovine serum albumin (BSA), a protein that is
electrochemically active such that the protein folding can be monitored, polymerizes on
an electrode surface when directly monitored (i.e., without a mediator);52 in contrast,
diamond is able to directly monitor it without an adverse reactions or loss in
sensitivity.53
It is possible to change the surface of diamond in a controlled manner, to
customize its behavior for a specific application. Hydrogen‐terminated as‐grown
diamond (a hydrophobic surface) can easily be converted to a predominantly oxygen‐
terminated diamond (a hydrophilic surface). These surface groups can be replaced by
other functionalities to increase diamond’s charge injection and/or increase its chemical
sensitivity to particular chemical signals.15 Changing the termination group can also
enable indirect detection of other chemicals of interest which are not electrochemically
active. The modified surface binds to the non‐electrochemically active species, inducing
reaction that produces a species detectable by voltammetric techniques, such as
hydrogen peroxide. For example, chemically reacting the diamond surface with hetero‐
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bifunctional crosslinker molecules attaches thol‐modified ss‐DNA molecules to allow for
detection of non‐electrochemically active enzymes and proteins.35
Diamond is also mechanically robust. Although only a thin polycrystalline film is
grown by CVD, it still has the inherent strength of natural single‐crystal diamond.
However, the underlying substrate can become embrittled during the growth process,
undermining the strength of the diamond film and causing overall failure of the
diamond‐coated system.
Diamond is insensitive to molecular oxygen, maintaining a consistent
background signal for a wide range of oxygen levels in solution. Minimal oxygen is
reduced at the surface to produce oxygen radicals and superoxides that may lead to
death of tissue in biological environments. The immune response of diamond in a
biological setting should be less, compared to other electrode materials that are more
reactive with oxygen.
Finally, diamond is transparent in UV, visible, and IR regions, creating the
possibility of interfacing all the previous technologies/advantages with optical
techniques such as infrared spectroscopic detection. This combination could lead to a
new class of exciting investigations since coupling optical recording and stimulating is
becoming popular in biological media.12,15,35,54
Diamond’s advantages may lead to device technologies and techniques not
currently possible with existing materials. The prospect combining chemical recording
with the already existing electrical recording and stimulating techniques would allow for
more in‐depth investigation into the roles of brain chemistry in cognition and health. It
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is also an opportunity to make smart devices that manipulate that chemistry for
therapeutics. An optically transparent device creates an opportunity to record and
stimulate, and thus analyze the brain without passing current. Diamond is the least
reactive material to molecular oxygen, and best suited for functionalization for specific
chemical detection. For these reasons, thin film diamond is investigated in this work,
with aims to improve current diamond technology for better integration into a
neurological environment.
1.2

Electrode Geometries
In both in vivo (live animal) and in vitro (live tissue in a dish) applications, direct

comparison of diamond and presently‐used materials requires that diamond electrodes
have the same geometry as the traditional electrodes. Most in vitro electrodes for
electrochemical detection consist of a single electrode point, disk, or hemisphere at the
end of an insulated probe in a needle geometric shape. This geometry helps with the
precise placement of these electrodes for spatial accuracy and to penetrate tissue with
minimized damage.
In an in vivo environment, specifically when recording from a nerve or axon
bundle, the best signal is obtained by wrapping the electrode around the nerve. A wire
electrode could be shaped three‐dimensionally into a hook or loop that fits snugly
around the nerve to maximize the contact area. The hook material typically used in
Aplysia californica to record on nerves in vivo is stainless steel. For an analogous
diamond hook electrode, it is necessary for the substrate to be pre‐shaped in a hook
prior to diamond growth, since the diamond coating will make it rigid; the uncoated
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wire lead must also remain flexible enough for implantation, and thus for direct
comparison with standard materials.
Another avenue of diamond electrode geometries is based on the patterning of
planar electrode geometries, which offer advantages for development of these
electrodes, including the ability to make electrode arrays. Traditional CMOS
microfabrication techniques could be used, which allow for established diagnostic and
scale‐up techniques.37 In theory, using traditional microfabrication techniques, it is
possible to fabricate a needle‐type geometry or a three‐dimensional shape with enough
processes. A microfabricated needle‐type electrode could be designed as micron‐scale,
photolithographically‐defined pads isolated on a wafer similar to electrodes traditionally
used for implanted deep brain stimulation (DBS). Nerve recording devices could be
fabricated as planar electrodes if processed on a flexible material which could bend
around the nerve, such as the cuff electrodes developed by the Functional Electrical
Stimulation (FES) center at Case Western Reserve University. In reality, fabrication of
patterned diamond microelectrodes with a planar geometry has been reported, but the
multiple diamond pads were all connected to a single electrical contact. Work is still
underway to develop truly isolated diamond pads with individual electrical contacts, to
form addressable electrodes on a planar array.
For the following reasons, the needle‐type geometry and three‐dimensional
hook geometry are the focus in this dissertation for in vitro and in vivo experiments,
respectively. First, more progress is needed in planar diamond electrode development in
appropriate geometries for proper testing functionality. Second, traditional electrode
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benchmarks for comparing with diamond have a non‐planar geometry. Finally,
developing diamond with a reproducible geometry is necessary to directly compare it to
traditional electrodes currently being used for in vitro and in vivo environments; the
needle‐type and hook electrode geometries are further developed and thus more
reproducible.
1.3

Diamond Growth Technologies
Developing reproducible diamond microelectrodes (i.e., electrodes with one

dimension less than 10 m) with a reduced surface area (less than 75 m2) is critical to
obtain highly sensitive sensing electrode systems for biomedical use. Diamond can be
grown using chemical vapor deposition (CVD) methods, such as microwave plasma
(MW), hot filament (HF), arc plasma (AP), and arc jet (AJ) to name a few. Most
electrodes used for biomedical applications are grown using MWCVD or HFCVD. Since
diamond growth technology is an extensive research area and has spanned several
recent reviews and books, the focus here will be limited to the diamond growth
technologies relevant for neural sensing and stimulating applications.
Outlined in a recent review by Park et al.9 are four limitations with current
diamond growth technology that is slowing implementation of in vitro needle‐type
electrodes. The first limitation is the lack of commercially available diamond electrodes;
they cannot be mass produced because of lengthy fabrication time and the attention of
the experimenter to each diamond device. Occasionally, diamond devices do not work
for no apparent reason (fabrication reproducibility), increasing the need for testing after
fabrication. Second, the microelectrode size must be reduced to have one dimension
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(diameter or edge) no larger than 20 m with an ideal size under 10 m. Some effort
has been made to create such electrodes, including work in our laboratory that will be
discussed in this dissertation. The third problem is the challenge of effectively insulating
the diamond microelectrodes with a high geometric reproducibility. Confining the
application of the insulation to a small area is difficult and usually results in cylindrical
electrodes with the length widely varying between 100‐200 m. It would be more
desirable to only have the end exposed as a disk; the topic of insulation is also studied in
this dissertation. The fourth limitation is the sluggish response to catecholamines. The
first three limitations will be discussed in terms of how they pertain to the present
diamond microelectrode designs for in vitro applications, and all four will be addressed
throughout this work.
1.4

Diamond Microelectrode Growth History for in vitro Applications
Reports of diamond microelectrodes for in vitro applications date back to 1998,

when the first microelectrode involved diamond grown by Cooper et al. on etched
tungsten by MWCVD.38 Using a stainless steel mask, the diamond was grown as a single
crystal at the end of an etched tungsten wire, or as a microcrystalline film over the
entire tapered area.38 The electrode tip was insulated with glass to increase the types of
chemical environments the electrode could withstand; the electrical contact was a
copper wire with silver epoxy.38 The fabrication technique had low geometric
reproducibility due to the insulation step, but the electrochemical reproducibility
seemed promising.38 This diamond device geometry was based on carbon‐fiber
electrodes developed in by Zhou and Misler in 1996, where a 5‐7 m diameter carbon
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fiber was insulated by pulling/sealing a polypropylene tube around the tip.55 Even this
carbon‐fiber electrode had difficulty with geometric reproducibility, although moving to
a custom glass puller improved the reproducibility.
In 1999, diamond was grown using MWCVD by Sarada et al. on an
electrochemically etched 50‐m diameter tungsten wire and insulated by heating and
pulling a glass tube over it.56 This device was similar to the diamond electrode
developed by Cooper, except that a low viscosity epoxy was the tip seal. Copper wire
with a mercury contact created an ohmic contact.56 The geometric reproducibility was
not reported. This electrode could not be applied in vivo because of the toxicity of
mercury, but in 2007, this group redesigned their electrode specifically for in vivo
applications by using a different ohmic connection.57
Another device using an electrochemically etched 76‐m diameter platinum wire
substrate was developed in 2003 by Cvacka, with focus on creating reproducible
electrode insulation.58 Platinum was chosen because of its unique electrochemical
properties, which allow pinholes and cracks in the film to be easily detected. These
wires were attached to a copper wire with a silver epoxy. Four insulations/coatings
attempted were nail polish, epoxy, polyimide, and polypropylene. The simplest methods
for applying the insulation were for the nail polish and epoxy; however, these coatings
had the worst geometric reproducibility.58 Polyimide showed promise as a good
insulator, but the polymer would electrochemically reduce and was difficult to control.58
Polypropylene was melted over the diamond, with heat shrink tubing as an extra layer,
creating a strong seal with no leakage. The resulting electrode area was still too large to
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be classified a microelectrode. Consequently, an additional approach used nail polish
combined with polypropylene to reduce the surface area. The electrode insulation
stability was tested in various aqueous media, and it was found that polypropylene was
the best insulation.58
Basu et al. 2006, also focused on the insulation issue and developed a six‐stage
process for fabricating a diamond microelectrode from a 130‐m diameter tungsten
electrode.10 The first stage was electrochemically etching the tungsten wire to a fine tip.
In the second stage, using a stainless steel mask, undoped (insulating) diamond was
deposited by MWCVD on the wire everywhere but the tip. The mask was shifted to
cover all regions but the tip, so that conductive diamond was deposited just at the tip,
stage 3. Stages 4‐6 were extra insulation steps to ensure proper reproducible insulation.
Photoresist was applied (Stage 4) on the entire electrode from tip to base and then
removed from the tip in stage 5 with UV light and mask. One last layer of insulation
(Stage 6) of either glass or insulating polymer was applied. This was the first diamond
microelectrode reported with a nanocrystalline morphology. The geometric
reproducibility was not reported for this device. The difficulties with this process are the
number of stages to grow multiple layers of diamond.10 This design is similar to a CFE
developed with photoresist insulation.59 In the fabrication of the CFE, the functional
electrode area exposed was proportional to the time of UV light exposure to the
photoresist.59
Xie et al., 2006 at CWRU also focused on the insulation and geometric
reproducibility, by depositing diamond on a tungsten wire presealed inside a quartz
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capillary.42 The quartz was sealed tightly around the tungsten wire through a heating
and pulling protocol of a micropipette puller. The pulled tungsten wire inside quartz was
beveled to a fine tip, so that the tungsten was flush with the quartz. Diamond was
grown selectively at the tip in a HFCVD reactor to create ~30 m disk electrodes. The
geometric reproducibility of these electrodes was not reported, but diamond growth
occured along the capillary insulation in undesirable areas.40 The resulting insulation
was effective; this was the first report of insulation in place prior to growth with fewer
steps than Basu et al. If this growth could be better controlled, the electrode would
prove to be more geometrically reproducible. This electrode was similar in design to a
CFE electrode developed by Dayton et al., where a 7‐11 m carbon fiber was pulled in a
glass capillary. Epoxy was used to seal the glass around the carbon fiber, and the
electrode was beveled to a fine tip;60 in contrast, the diamond microelectrode did not
require epoxy for the seal. The CFE electrode was used by many groups in various in
vitro applications to evaluate chemical signals, thus proving to be a good
geometry.e.g.,39,60-71
In 2007, Holt et al and Hu et al also focused on reducing the surface area of
diamond microelectrodes.7,8 Growing microcrystalline or nanodiamond on an etched
wire caused a rounded edge and a larger than expected cross section because of the
size of the crystals grown. Using negatively‐biased enhanced growth in a HFCVD reactor,
smooth NCD was achieved without inducing a drastic increase in diameter. With this
technique, a tip of about 2 m in diameter was produced, unlike traditional growth on
the same tip which resulted in a diameter of about 25 m.7,8 In addition to this new
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growth technique, a special etching procedure and apparatus were created to etch
tungsten to an extremely fine tip for diamond growth. Various insulations were
attempted; electrophoretic paint was their final choice for the insulator, limiting use of
this electrode to anodic potentials.7,8
1.5

Diamond Electrodes Used in an in vitro Setting
The primary reason for development of in vitro diamond sensors is to detect

biological species using voltammetric techniques,9 because of the electrochemical
advantages of diamond.4,5,14,40-42,44,72 Although a long‐term goal for a diamond
microelectrode device would be to integrate capabilities for voltammetry with electrical
recording and stimulating simultaneously,41 most of current work is in the area of
voltammetry alone.9 The electrochemistry of biological species at diamond (primarily
macroelectrodes) has been studied extensively,2,3,43,44,53,56 with several reviews.14,15 A
brief history of the limitations and the future focus of current materials in
electrochemical sensing is necessary to know the impact diamond will make in this field.
1.5.1 in vitro Electrochemical Sensing
Many recent reviews have been written about in vitro and in vivo
electrochemical sensing,e.g.,68,69,73-75 mostly using the traditional CFE electrode for
electrochemical

detection.

Measuring

simple

electrochemically

active

neurotransmitters, such as dopamine, is well understood; however, some molecules
such as serotonin, adenosine, and nitric oxide are difficult to detect for various
reasons.42,44,76-79
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One reason some molecules are difficult to detect is that they adsorb to a CFE
electrode and foul the surface, reducing the long‐term sensitivity. The surface must be
treated or re‐polished to recover sensitivity, causing a significant disruption in the
measurement. For example, serotonin is known to adsorb to the CFE surface, poisoning
it.39,49-51 In contrast, serotonin does not adsorb to the diamond surface allowing repeat
detection without surface retreatment.9,40,41,44
Lowering the detection limit for these molecules, on the order of 1 nM, is
another focus of the electrochemical detection field.67 Novel voltammetric techniques73
and surface modification80,81 approaches seek to improve this detection limit. An
improvement may also be made by switching material from CFE to diamond, with its
low baseline current, and thus to increase the sensitivity of detection.3,4,9,40-42 Diamond
has been shown to have lower detection limits than other materials, detecting 1 nM of
several analytes with fast scan voltammetry.40-42
Some chemicals are oxidized or reduced outside the voltammetric window for
detection by CFE, such as adenosine and nitric oxide. The CFE electrode cannot be
modified to accommodate a significantly larger voltage window. High‐quality boron
doped polycrystalline diamond is able to detect these chemicals without surface
modification.42
Other current developments focus on resolving multiple neurotransmitters at
once at a fast rate (temporal resolution on the order of neurotransmission). CFE has
difficulty distinguishing between neurotransmitters that activate at a similar
potential.39,71,73,82 Varying the voltammetric technique sometimes achieves this
13

specificity, but while sacrificing temporal resolution.61,73,83 Unlike with CFE electrodes,
molecules detected on diamond have a pronounced reduction current peak making it
possible to calibrate detection to this signal.
Diamond has performance advantages over CFE and platinum microelectrodes in
electrochemical detection. Yet, despite diamond’s advantages, it cannot replace CFE’s in
these applications. Advances in fabrication of reproducible diamond microelectrodes
are still necessary for diamond to be a realizable, viable electrode option.
1.6

Diamond Microelectrode Growth History for in vivo Applications
Two in vivo diamond electrodes have been developed within the past 3 years,

and they were implanted for short‐term in vivo measurement. Both devices were
implanted only in anesthetized animals due to additional challenges of developing a
diamond electrode for chronic study in a freely behaving animal.
The first diamond in vivo electrode was developed by Suzuki et al. in 2007 for use
in anesthetized animals, and was based on the electrode developed by Sadara et al. in
199956 with minor modifications. Tungsten wire was coated with boron‐doped diamond
thin film and connected to an insulated metal wire (unspecified metal) using a silver
paste/epoxy.57 The diamond tip was inserted into a pre‐pulled glass capillary and sealed
with a resin. The device was implanted in a live, anesthetized mouse near a
dopaminergic neuronal cluster in the corpus striatum. Using differential pulse
voltammetry (DPV), the changes in extracellular dopamine concentration were
monitored over time after medial forebrain bundle (MFB) stimulation. In a DPV process,
the identity of the neurotransmitter detected must be verified using pharmacological
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means because the technique is not able to distinguish between dopamine and other
possible neurotransmitters. For example, the dopamine uptake inhibitor, nomifensine
was applied to selectively increase the dopamine signal.57 A CFE was compared to the
diamond microelectrode in this in vivo setting; although diamond had a six‐fold
decrease in overall signal strength, its signal‐to‐noise ratio was only twice as large as the
CFE.57
A second in vivo electrode prototype was developed as an all‐diamond probe
microfabricated in a planar geometry and cut to mimic a needle geometry.6 The
electrode, fabricated on a sacrificial silicon which was removed in a final step to release
the device, was composed of a thin layer of conducting diamond patterned on a thin
layer of insulating diamond, resulting in a 3‐m thick device.6 To date, this is the only
diamond device in literature designed to provide the flexibility potentially necessary for
implantation in freely behaving animals. This device was implanted in an anesthetized
animal and displayed a signal‐to‐noise ratio of 2 for electrical activity in the auditory
cortex of a guinea pig.6 Three problems appear to remain with this device. First, the
long‐term functionality of this device needs to be determined. Second, the signal‐to‐
noise ratio was quite modest and just at the limit of detection. Third, the electrode
response after bending the device needs to be verified. Nevertheless, this first‐
generation device brought attention to the need for all parts of a diamond device to
remain both flexible and functional after diamond growth, and thus to allow recording
in freely behaving animals.
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1.7

Biocompatibility of Diamond
The interaction of the electrode surface with the biological media

(biocompatibility) of different types of carbon‐based materials has been reported.
Polycrystalline diamond has not been tested extensively in a chronic in vivo setting to
determine the biocompatibility of its surface. The lack of flexibility of existing diamond
devices has limited testing because the devices would fracture upon any significant
movement in an animal. Still, the biocompatibility of nanocrystalline diamond (NCD)
particles and other forms of carbon has been tested, and the biological interaction to
microcrystalline diamond (MCD) surfaces can be inferred based on these results.84
NCD seems to be comparable to MCD in the adsorption of proteins and other
biological molecules.36,47 NCD and MCD have the same inherent structure, but major
differences are the number of grain boundaries, the crystal size, and the surface
roughness. Many reviews of NCD state that biomolecules adsorb similarly on MCD.36,47
NCD’s interaction with biological species has been tested to determine its
biocompatibility. Recently, RNA was attached to a NCD surface and placed in contact
with endothelial cells, with no adverse reaction to the cells.85 NCD was found to be more
biocompatible than carbon black, multi‐walled carbon nanotubes, and single‐walled
carbon nanotubes in two different cell types, neuroblastoma and alveolar
macrophage.47 NCD also did not disrupt the mitochondrial membrane and lacked
reactive oxygen species, unlike carbon black or carbon nanotubes.47 These examples
show that nanodiamond remains relatively inert in a biological setting.
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Biocompatibility of MCD has also been observed, but not as extensively as
nanodiamond. A recent review of the biological properties of diamond concluded that
MCD would be ideal for direct implantation into living cells.35 MCD would also be ideal
for in the transfer of molecules into cells because the MCD surface friction is adjustable
(friction is a function of crystal size), and MCD is mechanically hard, biocompatible, and
conductive.35
Based on recent studies and comparison to NCD, MCD appears to be
biocompatible. NCD could be chosen, but the electrochemistry on NCD is less
understood. The focus of this work is on MCD grown in a hot‐filament CVD reactor.
1.8

Conclusions
Diamond has advantages over current electrode materials and is promising for

biomedical applications. A geometrically reproducible way to fabricate diamond devices
with a small exposed surface area and fast fabrication time remains a challenge. A
geometrically reproducible in vitro needle‐tipped electrode and a functioning, flexible in
vivo electrode are necessary to help realize the advantages of this diamond technology.
These geometries will allow direct comparisons to existing technology, thus to fully
compare diamond electrodes and standard devices in relevant in vitro and in vivo
settings.
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2

30 m Diamond Disk Microelectrodes: A Further Understanding
In this chapter, the procedures and functionality of growing diamond using a

Hot‐Filament Chemical Vapor Deposition (HFCVD) reactor are reviewed, with a focus on
the development and quality of the 30‐m (diameter) disk diamond microelectrodes.
The variables in the reactor, operational since 1993,86 and substrate preparation that
affect growth conditions have never been fully understood and summarized. In this
chapter, a detailed list of the variables in the reactor which could change the diamond
film properties is presented. Also, fabrication issues and the geometric reproducibility of
the 30‐m diamond disk electrode are discussed to further identify obstacles and
important variables. The diamond film at the tip of the 30‐m disk diamond
microelectrodes is qualified by environmental scanning electron microscopy (ESEM),
microRaman spectroscopy, and electrochemical techniques. Finally, these electrodes are
tested in an in vitro environment for neural sensing and stimulating.
2.1

Rationale
The 30‐m diamond disk microelectrode developed for in vitro neural sensing

experimentation by Xie et al., 2006 (CWRU) was never fully qualified.40,42 Investigation
into the limitations of this already existing technology was needed before smaller and
more geometrically reproducible diamond electrodes could be developed.9 This
diamond micro sensor, described in Chapter 1.3, was used as a diamond in vitro
sensor,41,42 but, in general, had several faults such as a relatively quick reduction in
sensitivity, from 1 nM to 1 M detection limits.40 Yet, these electrodes had a needle‐like
geometry that allowed for high spatial resolution. The fabrication protocol for these
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electrodes served as a basis for development of novel electrode geometries. The
diagnostic techniques contained in this chapter provided a baseline for comparison of
future diamond electrodes for proper quality of the diamond film, sensitivity towards
detection, and selectivity in sensing.
2.2

Fabrication Techniques
For this work, a HFCVD reactor is used for isolated growth at the tip of a needle

geometry substrate. The reactor is completely described by discussing the major
operational variables with proper maintenance schedules.
2.2.1 Hot‐Filament Chemical Vapor Deposition Reactor Operation and Variables
An optical image, Figure 2.1, and schematic, Figure 2.2, depict the operational
variables of the reactor. A dual wavelength pyrometer is aligned into a reactor window,
Figure 1a. The front door is also used for loading samples. Figure 1b displays an example
of samples being placed inside the reactor. Figure 1c shows the back of the reactor, the
flange having feedthrough for the power and voltage/current readouts. Figure 1d shows
the reactor operating panel, for automated control of much of the reactor function. A
process flow diagram, Figure 2a, shows the gasses for the growth process with all the
valves available for operation. A schematic representation of sample loading in the
reactor is shown in Figure 2b.
The variables in the reactor are described in Table 2.1, and understanding these
variables during the reactor operation is necessary to properly control the reactor. The
pre‐growth process starts with loading the samples a set distance from the set of
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Figure 2.1: An optical image of the Hot Filament Chemical Vapor Deposition (HFCVD)
reactor. All switches, valves, and devices used for reactor operation are labeled.
(a) Front view of the reactor showing the door, to place samples into the reactor, with a
window. (b) An inside view of the reactor with the substrate and filament assembly.
The heat sink may or may not be present depending on the growth run. A schematic of
this is found in Figure 2.2. (c) Back of the reactor with pressure, current, and voltage
readouts and pressure control valve. (d) Operational panel of the reactor with the gas
and pressure control valve switches.
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Figure 2.2: Above: Flow diagram of the reactor, with the operational gasses in and
exhaust out. Additional gasses may be added at the inlet of the reactor if additional
chemistry is desired. The double valves at the inlet and exhaust have different
operations, one used for control and the other safety (an on/off pneumatic valve).
Below: A visual representation of the electrode setup as optically shown in Figure 2.1b.
Also shown are the various distance variables in the reactor. The molybdenum heat sink
may or may not be present depending on the growth procedure and substrates
investigated.
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Table 2.1: Tested and untested variables in HFCVD reactor. The hypothesized change is
that based on knowledge in the laboratory prior to 2003. The observed changes are
those documented here. All known controllable variables are listed. Some affect the
same outcome; for example, #3 and #6 both change the amount of atomic hydrogen
present. Uncontrollable variables are listed below.
#

Variable

Typical Value

Range tested

Hypothesized change

Platinum, Molybdenum,
Molybdenum/Rhenium alloy,
Growth quality, film
Tungsten
Tungsten/Rhenium alloy, Copper,
adhesion
Rhenium
Sonication in a Varied diamond particle size in
Change crystal size grown
slurry
slurry

1

Substrate

2

Preparation

3

Distance between
sample and
filaments

8 mm

6‐14 mm

Crystal size/ quality

4

Distance between
sample and heat
sink

0 mm

±3 mm or not present

None

5

Rotation

On

Off

Uniform growth

6

Methane vs.
hydrogen
percentage

1.0%

0.0% ‐ 1.0%

7

Other gas flows

TMB ‐ 4.00
sccm

None tested

8

Pressure

20 torr

None tested

9

Filament
temperature

2000ºC

1900ºC ‐ 2050ºC

10

Age of filaments

none

11

Heat up

12

Crystal size/ quality

Observed
change
Same as
hypothesized
and flexibility
None
Same as
hypothesized
and flexibility
Cracking of
quartz
capillaries
Test
incomplete
Crystal size/
quality and
quartz capillary
cracking

New‐100 hrs

Doping levels, other
dopants, and surface
termination
Growth rate and quality
Film adhesion, growth
rate, and crystal size/
quality
None

Crystal size

Instant

Instant ‐ 40 min

Film adhesion

Quartz cracking

Cool down

Instant

Instant ‐ 40 min

Film adhesion

Quartz cracking
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Growth Time

24 hrs

1‐24 hrs

Film thickness, crystal size

Same as
hypothesized

#

Variable

U1

Filament sag

0‐5 mm

U2

Air leaks

Variable

U3

Humidity
Boron nitride
saturation
Impurities in gas
stream

Variable

U4
U5

Untested
Untested
Flexibility

Uncontrollable Variables
Typical range
Effect of variable

Variable
Variable

Causes hot pockets and variations
in heating. Makes nonuniform
heights to filaments
Increased growth rate, variations
in quality, diamond termination
groups.
Unknown
Boron doping, surface
termination group
Unknown
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4 filaments (arranged in series) (Table 2.1 #3). The reactor pressure is lowered to
vacuum overnight (approx. 2 mTorr) to minimize water vapor and oxygen in the growth
environment. Any trace amounts of either water or oxygen can significantly change the
growth kinetics and oxygen surface concentration.12
The reactor has many safety features that must be enacted before a growth run,
such as the interlock shown in Figures 2.1 & 2.2. After maintaining the reactor in
vacuuming overnight, the interlock is activated to permit gas flow into the reactor,
power to the filaments, water cooling, and air cooling. The mass flow controllers are
zeroed after regulating the pressure on both sides to near vacuum and then set to the
desired flow.
Pneumatic valves are opened by switching the on/off flow switches, raising the
low‐pressure side of the control valves to the same pressure as the gas source. Control
valves are then opened at the preset flow rates on the control panel, (Table 2.1 6&7),
raising the pressure. The pressure is regulated at the exhaust by an automatic pressure
control valve (exhaust throttle valve). Before this valve was installed, the pressure was
manually controlled with a ball valve at the reactor exhaust; thus, in earlier experiments
the pressure could vary as much as ±1 torr.
Once the pressure stabilizes to 20 torr, the filaments are supplied power at the
specified rate, approximately 800‐1000 W, to heat up to the run temperature
(Table 2.1 #11). Typically an initial 30 min. nucleation phase is included in the run, which
operates at 50‐100ºC less than the growth temperature. The flow rates
(Table 2.1 #6&7), reactor pressure (Table 2.1 #8), filament temperature (Table 2.1 #9),
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filament voltage, and filament current are monitored over time. Once the growth is
complete, trimethyl boron (TMB) and methane gas flows are stopped and the filaments
are powered down at a specified rate (Table 2.1 #12).
The cool down procedure typically occurs under a hydrogen‐only environment.
The samples are cooled for at least 1‐2 hours after the filaments have been turned off.
The hydrogen in the reactor is pumped out before the reactor is pressurized up to
atmospheric pressure with nitrogen. A detailed list of all other controllable and
uncontrollable variables can be found in Table 2.1.
2.2.2 Maintenance of the Hot‐Filament Chemical Vapor Deposition Reactor
Maintenance on the reactor occurs on a regular basis, by cleaning, degassing,
and carburizing the filament assembly, as well as cleaning and repairing reactor
components. If a filament breaks in the assembly, the entire 4‐filament assembly is
dismantled. Any unbroken filaments are removed, the assembly is deconstructed.
Excess carbon is removed from the entire assembly (molybdenum posts and boron
nitride supports) using sandpaper and sonicating the molybdenum pieces in ethanol.
When the assembly is reintroduced to the reactor, it is heated slowly (the degassing
procedure) so as not to fracture the boron nitride holder from absorbed water vapor
degassing.87 Operating in a 1.5 torr hydrogen environment for over 2 hrs, the
temperature is increased slowly to avoid cracking the boron nitride holder. After the
degassing phase, carbon is introduced in the form of 0.9% methane and 40 ppm TMB,
and the pressure is increased to standard operating pressure of 20 torr. The
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temperature is manually controlled at 2000°C±10°C for over 3 hrs for complete
carburization of the filaments.
The degassing and carburizing process ensures that during growth runs, a
majority of the carbon radicals present in the reactor interact with the substrate instead
of the filaments. This increases the likelihood of reproducibility early in the age of the
filaments (Table 2.1 #10), because carbon radicals interacting with the filaments could
change the film properties.
As control samples for this work, specifically for comparisons in Chapter 5,
substrates are exposed to growth conditions in a hydrogen‐only environment. These
samples serve as controls by showing that hydrogen is not causing any change to the
sample. Atomic hydrogen aids in the decomposition of methane to methane radicals for
diamond deposition, and it is assumed that atomic hydrogen does not directly affect the
substrate.17,21 For the control run, it is important to completely remove carbon, as best
as one can, from the reactor since any residual carbon could deposit onto the sample as
a carbon film, which could lead to carbide formation or a diamond monolayer. If the
filaments were previously carburized, carbide from the filaments can vaporize and
deposit on the samples.88 These control experiments must be carbon free from the
cleaning stage through the testing stage; thus, after the filaments and reactor are
cleaned, they are exposed only to a hydrogen environment for the control runs.
2.3

Fabricating the 30 m Diamond Disk Microelectrodes
Published results of the development at CWRU of the 30 m disk diamond

microelectrode encased in quartz describe only cylindrical and disk microeelctrodes;42
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however, other geometries unavoidably are fabricated as undesirable results.40 The
understanding of how to make these microdisk electrodes is important because fast
scan cyclic voltammetry (FSCV) can only be conducted on the reduced area
microelectrodes.63-66,89 In addition, disk electrodes are seemingly the only electrodes to
have a high (1 nM analyte) sensitivity.40 The basic procedure was summarized in
Section 1.4. Previously unreported steps to develop the electrodes into the desired disk
shape are discussed here.
Figure 2.3 shows the multiple outcomes of growth in preparing electrodes. The
optimal shape, a disk geometry, is shown in Figure 2.3a. The disk shape has a geometric
success rate of only 5‐35% from first pulling to finished product, depending on operator
training and skill. Undesirable situations that might occur are cracking of the quartz
(Figure 2.3b), insufficient diamond growth, leaving tungsten exposed (Figure 2.3c), or
diamond growth along the quartz wall (Figure 2.3d‐f), increasing the exposed diamond
area. The last case, the growth along the quartz wall, can be classified in three
sub‐categories:

cylinder (Figure 2.3d),

sporadic (Figure 2.3e),

and

complete

overgrowth (Figure 2.3f).
It is hypothesized that the beveling method used to polish the pulled capillary tip
and seed the diamond growth is causing these varied results (Table 2.1 #2). In the
preparation, the substrate is (wet) beveled on a diamond pad thought to embed
particles onto only the tungsten and quartz end face. Water is used to clean the
substrate while beveling, and a cotton wick dipped in the water layer maintains a
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Figure 2.3: ESEM images of the tips of diamond microelectrodes. Tungsten, preinsulated
with quartz, is beveled to a tip. The goal is to grow a disk shaped electrode (a). Other
than cracking the quartz (b), it is possible to have other undesirable cases, such as not
enough diamond growth, leaving tungsten exposed (c), or growth of diamond along the
quartz wall (d‐f), increasing the exposed diamond area. These growths along the quartz
wall are classified in three categories: (d) cylinder, (e) sporadic, and (f) complete
overgrowth.
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Figure 2.4: Before (a,c,e,g,i,k,m) and after (b,d,f,h,j,l,n) growth images of diamond
microelectrodes. The tungsten substrate, encased in a pulled and beveled quartz
sheath, can be seen in all “before” images. The corresponding growth (“after” image), to
the right of each “before” image, depends on substrate preparation. (a‐j) Higher quality
diamond is associated with smoother, higher tungsten‐to‐quartz ratios. (k‐n) As the
amount of tungsten exposed is decreased, lower quality of diamond is exhibited, with
more circular and non‐descript crystal features. Sometimes unexplained overgrowth
occurs (d,f,n) even though all substrates are prepped the same, with the same post‐
beveling cleaning method. Some pitting is also observed (h).
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uniform water film across the pad, limiting the amount of water needed, and collecting
any loose particles. If these particles flow freely within the water, they could become
deposited in the walls of the quartz capillary. If the pad or wick becomes dirty from
excess particles, this can cause extraneous seeding; however, the various growths can
occur even after cleaning the beveling pad.
Another hypothesis is dust particles settle on the quartz tips and nucleate
diamond growth. Assuming particles become deposited along the quartz wall during the
beveling (seeding) phase or from dust particles, cleaning the quartz wall carefully after
beveling, but prior to diamond growth, is critical to obtain any appreciable level of
reproducibility. Two methods were used to clean the quartz wall. The first method is a
manual wipe using a damp (from water or ethanol) kim wipe. This method needs to be
carefully applied since the tips are fragile. A careful downward stroke is used to ensure
that the tip will not buckle. Although this method is most likely to break the tip, it is the
most effective to obtain the desired disk shaped electrode. The second method is
rinsing the electrode in a solution, such as ethanol or water. Rinsing removes large
particles but seems to still result in the sporadic growth along the quartz walls. All disk
electrodes reported here are from the damp, manual wipe cleaning method with a
water rinse.
Seven samples were imaged to evaluate what electrode preparation methods
would create undesirable diamond growth along the quartz capillary walls. The images
in Figure 2.4a,c,e,g,i,k,m were obtained immediately before loading the subtrates into
the reactor. Each electrode was prepared as described before with the manual abrasion
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cleaning method; however, the beveling times varied. They were respectively beveled
for 20, 20, 10, 25, 20, 20, and 15 min.
Figure 2.4b,d,f,h,j,l,n shows the respective diamond films for the seven
substrates. Figure 2.4a shows the ideal substrate preparation, with the tungsten
completely flush with a clean (i.e., no diamond seeding) quartz side. This substrate
produced the desired case seen in Figure 2.4b, a disk shaped electrode. An isolated
diamond crystal is seen on the quartz wall; however, this is unconnected to the disk and
therefore inconsequential.
Another sample with the tungsten completely flush with the quartz and clean
quartz side walls was prepared, Figure 2.4c; but the resulting growth, Figure 2.4d, had
overgrowth associated with it. The two substrate preparations shown in Figure 2.4a,c
were prepared in the same fashion, beveled the same amount of time, and fabricated
together in the same growth run, but created different final products. It should be noted
that the seeding particles are sufficiently small to be beyond the magnification of our
current imaging equipment. Also the seeding density appears to be independent of
beveling time because of these two different growth results with the same beveling
time. The manual wipe cleaning technique involves removing microscopic particles, and
success increases with experience, although there is still chance of missing particles. The
film in Figure 2.4d also appears non‐uniform, with a seemingly thicker film as a raised
ring above the quartz relative to the tungsten portion. At this time, it is unclear where
this raised ring comes from, but it could be due to a difference in temperature between
the quartz and the tungsten portion.
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Clean quartz capillary walls are seen in Figure 2.4e, but a smaller proportion of
the tungsten area is flush with the quartz ring. This resulted in an imperfect disk,
Figure 2.4f, with overgrowth along the quartz wall. Figure 2.4g shows a similar tungsten
surface that is not completely flush with the quartz walls as Figure 2.4e; however, a
nearly perfect disk is visible in Figure 2.4h. A small hole is also visible resulting from the
tungsten not being flush with the quartz wall. Another small hole was also observed in
the before/after pictures of Figure 2.4i,j. For both of these electrodes, Figure 2.4h,j, the
quartz walls contained minimal, inconsequential diamond growth.
Figure 2.4k shows a larger gap between some regions of the tungsten and the
quartz wall, and the flat tungsten surface has significantly less surface area compared to
previous samples. This growth resulted in a less sharply faceted polycrystalline diamond
(i.e., spherical shape), Figure 2.4l, compared to previous samples. Figure 2.4m,n also has
tungsten not completely flush with the quartz, resulting in smaller faceting of the film,
and also experiences overgrowth along the walls. Based on the last two samples,
Figure 2.4k‐n, it appears that diamond grown on the quartz has smaller facets.
Since overgrowth was a prevalent problem, diamond nucleation was
investigated to determine if diamond first grew on the tungsten or the quartz capillaries.
Microelectrodes shown in Figure 2.5 are those placed in the reactor for only the
nucleation stage, which consists of a 30 min. growth time at 1950°C. The initial diamond
growth occurs at the edges of the tungsten and quartz wall as expected,12,18
Figure 2.5a,b. However, isolated diamond nucleation is also seen on the quartz wall,
Figure 2.5b, and completely overgrown in Figure 2.5c. Thus, nucleation can occur on the
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quartz wall as well as on the tungsten substrate. These images demonstrate that
cleaning the quartz wall with manual abrasion before growth, as was done in
Figure 2.5a, is critical to limit growth on the quartz wall, as verified by those not
cleaned, Figure 2.5b‐d.
A brief study was conducted to determine if diamond would grow on seeded
quartz over unseeded tungsten. A substrate was prepared by beveling the tip in deep
water without cleaning the sidewalls. Afterwards the tip was accidently broken, leaving
seeded quartz walls with unseeded bare tungsten. Diamond grew successfully on the
capillary wall, since it was seeded, but unseeded tungsten contained no diamond
growth, Figure 2.5d.
In an effort to increase the crystal size and sensitivity of the diamond
microelectrode, the methane‐to‐hydrogen ratio was decreased from 1.0% to 0.75%
(Table 2.1 #6).21 The results of these growths are shown in Figure 2.6a‐d. Figure 2.6a,c
shows the disk tips of diamond grown in two separate batches at 0.75% methane to
hydrogen ratio. It is clear in Figure 2.6a,c that the resulting crystal size is larger than
diamond grown at 1.0% methane to hydrogen ratio, and selectivity for growth on the tip
is also high. However, further investigation of the images of these electrodes grown at
0.75% methane to hydrogen ratio shows cracking, Figure 2.6b. The cracking could be
due an increase in atomic hydrogen recombination on the surface and tungsten having a
larger expansion coefficient than quartz.26,27,90,91 This higher temperature occurs in
quartz since it is a thermal insulator, thus not removing heat quickly.90
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Figure 2.5: Nucleation study of tungsten substrate encased in a pulled and beveled
quartz capillary. Substrates are prepared in the typical manner but only undergoing the
nucleation stage of growth, 30 min at 1950ºC. (a) Growth is primarily seen at the
tungsten edges, i.e., at the tungsten‐to‐quartz interface. (b) The primary nucleation site
is the same as (a), the tungsten‐to‐quartz interface, with some nucleation on the
tungsten and quartz wall. (c) Nucleation was spread over the substrate, inside the
quartz capillary, on the tungsten, and on the outside quartz wall. (d) The electrode was
seeded and then broken. Diamond preferentially grows on the treated quartz wall
versus the untreated exposed tungsten.
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Figure 2.6: The methane‐to‐hydrogen ratio is decreased to 0.75%, increasing the atomic
hydrogen‐to‐methane radical percentage. The expected increase in quality and crystal
size was observed (a,c); however, the increase in atomic hydrogen caused unexpected
problems for the quartz insulation, leading to (b) cracking or (d) ‘etching’ of the quartz
or nondescript deposit along the wall.
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In the other sample, possible etching of the quartz or a nondescript crystal growth
occurred, Figure 2.6d. An increase in atomic hydrogen may have etched the quartz
capillary or caused a different type of overgrowth along the quartz wall. Alternatively,
some small carbon‐type crystals may have been deposited on the quartz wall.
From these experiments, it was determined that the most important variable to
obtain the desired disk electrodes is the preparation stage of the electrodes, specifically
cleaning the tips after seeding. Experience and practice in the cleaning phase was
necessary to develop a disk‐shaped electrode. The best electrodes should be grown at
1.0% methane to hydrogen ratio, Table 2.1 #6, due to complications that occur at lower
methane to hydrogen ratios. To increase the overall quality, quartz should be flush with
the tungsten disk, Figure 2.4a. Further investigation, using Raman spectroscopy and
cyclic voltammetry techniques are necessary to determine the quality of the diamond
grown on the quartz relative to that grown on the tungsten disk and identify the deposit
or etching present in Figure 2.6d.
2.4

Characterizing the Disk Electrodes
A standard way to evaluate these electrodes is necessary to properly

characterize them. ESEM images show the crystal size, from which diamond quality can
be deduced;33 however, properly identifying the quality of the diamond film using ESEM
requires experience with scrupulous investigation. This procedure determines the
crystal size of the film, but other qualification methods are needed for additional
information. MicroRaman (Raman) spectroscopy,54,88,92-94 slow scan cyclic voltammetry
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(SCV),2-5,12,56 and fast scan cyclic voltammetry (FSCV)40-42,49 are also used to objectively
qualify the diamond disk growth.
Raman spectroscopy is the initial technique to verify the quality of the as‐grown
diamond film. The electrochemical activity can be inferred on macroelectrodes by
investigating the Raman spectroscopy signal.4 The smaller baseline current and wider
window are associated with a Raman spectroscopy signal having greater sp3 (diamond –
1332 cm‐1) than sp2 (graphite – 1580 cm‐1) content d determined by Raman
spectroscopy.4,12 The MicroRaman instrument has the capability to obtain qualitative
optical sample images as well as obtain a Raman signal. The spot size is varied by
changing the optical zoom from a 10x objective (Figure 2.7a) to a 100x objective
(Figure 2.7b) on the microscope. The laser is focused on the sample through the
objective (Figure 2.7c) to obtain the Raman scatter data (Figure 2.7d). The signal
obtained, Figure 2.7d, has a sharp peak at 1331.5 cm‐1 (resolution 1.1 cm‐1), consistent
with literature for high‐quality macroelectrodes.4,5 MicroRaman is specifically taken at
the electrode tip by a LabRam spectrometer from Jobin Yvon Horiba, with an attached
optical Olympus microscope. A 632 nm laser is focused on the electrode tip, typically
using the 100X objective lens. Accumulation time is 1s, with no filter used on the
incident beam. The laser does heat the sample, but no attempts were made to assess
the effects on film stress or temperature from localized laser heating.
Slow Scan Cyclic Voltammetry (SCV) is used to verify that there are no pinholes in
the diamond film, the quartz is intact, and diamond is the only exposed active
metal.2,9,11,40,56 A Bio‐logic VSP potentiostat is used to run SCV at a scan rate ranging
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Figure 2.7: A display of the microRaman spectroscopy technique. (a) The tip of an
electrode is found using a 10x optical zoom lens. (b) Zoomed in camera view of the tip
uses a 100x optical zoom lens. (c) The approximate area sampled is evident from the
camera view of the laser overprinted on the tip seen in (b). (d) Raman scatter generated
from the laser has a sharp sp3 peak (diamond) at 1331.5 cm‐1 and negligible non‐
diamond sp2 peaks (graphite) at 1580 cm‐1. This Raman spectra corresponds to the
electrode in Figure 2.3e.
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Figure 2.8: A typical cyclic voltammogram, taken at 200 mV/s using SCV, which shows
the wide potential window of high‐quality diamond from ‐3.0 to +3.0 V vs. Ag/AgCl. This
scan corresponds to the electrode in Figure 2.3e.
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Figure 2.9: A description of how FSCV works with background subtraction. (Top) A
voltage scan, controlled vs. time, in a triangle wave form. This specific scan is 300 V/s.
(Middle) Baseline signal (current) with the analyte (serotonin, blue). The signal barely
differs from the baseline; however, the change is constant and reproducible.
(Bottom) The blue line subtracted from the pink line in the middle plot results in the
baseline‐subtracted serotonin response. A clear oxidation peak appears at 4.5 ms,
corresponding to a specific voltage observed in the top plot. A clear reduction peak
appears at 8.0 s.
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Figure 2.10: A 2D false‐color plot detailing the data obtained during FSCV. The color plot
is displayed as time vs. voltage, with the background substracted current corresponding
to the color of the plot as shown in the legend. Background, an average of five scans, is
taken in the first 5 seconds before an analyte, 10 m serotonin, is injected into solution.
Each ‘island’ indicates a different electrochemical reaction occurring at the electrode at
the corresponding potential. Thus, two oxidations and two reductions are displayed,
which correspond to the four peaks observed in the cyclic voltammogram, averaged
over 5 scans, taken at 14 s (bottom). The current vs time profile, averaged over 10
scans, is taken at the second oxidation reaction occurring at 1.01 V (right).
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from 0.050 V/s to 0.300 V/s. The scanned potential is controlled and measured at the
diamond electrode vs. Ag/AgCl reference with a platinum mesh counter electrode.
Diamond microelectrodes have a characteristic, wide potential window from ‐3.0 to
+3.0 V vs Ag/AgCl in 0.5 M H2SO4, as shown in Figure 2.8. The primary electrolyte used is
a phosphate buffered saline (PBS), made with 0.13M NaCl, 0.081M Na2HPO4•7H2O, and
0.022M NaH2PO4•H2O in water. A sulfuric acid solution, 0.5 M H2SO4, is also used as the
electrolyte.
Fast‐scan cyclic voltammetry (FSCV), coupled with a flow cell injection
system,e.g.,39,60,60,61,61-67,67-69,69,71 is used to electrochemically test the disk shaped 30‐m
diamond electrodes.40-42 FSCV cannot be used if the electrode surface area is too
large62,63,67,89 or tungsten is exposed. In these cases SCV would be used. These two
techniques, SCV and FSCV, are very similar; the major differences are the potentiostat
and scan rates.89 The difference in scan rates are ~300 V/s for FSCV and ~0.30 V/s for
SCV.89 FSCV has always been the preferred method for detecting analyte because of its
specificity, sensitivity, and temporal accuracy over SCV.39,49,50,64-66,69,71 However, when
the surface areas are too large or tungsten is exposed, SCV is the only option.
The FSCV technique consists of a triangular waveform applied typically at 10 Hz,
using an EI ‐ 400 FSCV bipotentiostat, with a scan rate between 55 V/s and 3000 V/s.
The waveform starts from a negative rest potential, is linearly ramped up to a positive
maximum potential, and is then cycled back to the rest potential (Figure 2.9,top). All
potentials are measured with respect to an Ag/AgCl reference electrode. In flow cell
injection (FCI), a typical protocol injects buffer for 5 sec., followed by an analyte of
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known concentration (1 nM serotonin) for 5‐12 sec., and finally a wash for 5‐10 sec. to
return the signal back to the baseline (Figure 2.9,middle). Initial buffer scans are
automatically subtracted from the signal during analyte injection to provide a
background‐subtracted analyte signal (Figure 2.9,bottom). Typically, 10 scans are
averaged for background subtraction before the analyte. In most cyclic voltammograms
(CV’s, current vs. voltage profile) and current vs. time graphs, 5 scans are averaged after
the analyte injection.
A 2D false‐color plot, displaying voltage (x‐axis), time (y‐axis), and current (color),
Figure 2.10, is generated using the Tar Heel FSCV software (provided by R.M. Wightman,
UNC‐Chapel Hill). These data (e.g., 10 M serotonin) can be viewed as either (1) a time
vs. current plot at a potential of interest, Figure 2.10 ‐right, (taken at +1.0 V), or as (2) a
voltage vs. current plot at a particular time, Figure 2.10 ‐bottom (taken at 14s). These
data are background subtracted, as described in Figure 2.9, to isolate the electrode
response from the analyte. The color range can be modified based on the current. The
color profile typically shows an isolated island within a clear (uniform) sea
corresponding to the analyte injection (Figure 2.10). On the color plot, four “islands” are
observed, two dark blue and two light green, accounting for two oxidation and two
reduction reactions. This is consistent with the reported electrochemical redox activity
of serotonin.39,44
MOPS/Aplysia saline (APS) buffer and HEPES buffer electrolytes were used for
FSCV. APS buffer is used for the serotonin kinetic, background data, and in vitro
experiments. APS is a highly concentrated salt solution consisting of 450 mM NaCl,
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33 mM MgSO4∙7H2O, 22 mM MgCl2∙6H2O, 10 mM KCl, 10 mM CaCl2∙2H2O,
10 mM glucose, and 10 mM MOPS, pH set at 7.5. HEPES buffer is used for dopamine
measurements. HEPES buffer, a less ionic buffer, consists of 150 mM NaCl and 20 mM
HEPES, pH set at 7.4.
2.4.1 MicroRaman Spectroscopy Results
The diamond film on the tip of the disk electrode and the overgrowth along the
quartz wall were evaluated using Raman spectroscopy. The diamond film was oriented
in the reactor so that the top of the disk was approximately 22 m closer to the
filaments than the bottom of the disk, such that the resulting diamond growth may have
a quality differential spatially across the disk face. Figure 2.11 shows the Raman
apectroscopy evaluation of the quality at the top (red), middle (green), and bottom
(blue) of the electrode. The two disks evaluated in Figure 2.11 were the electrodes
presented in Figure 2.6a and Figure 2.4h, respectively. In both spectra, the middle of the
disk had a smaller sp2 (graphite) content than sp3 (diamond) content, indicating higher
quality. The Raman spectra for the top and bottom of the disk, with higher sp2 content
than the middle of the disk, was taken for the diamond grown over the quartz ring
portion of the substrate. The bottom portion of the disk had more sp2 content than the
top portion of the disk in Figure 2.11a. This order was reversed in Figure 2.11b; the top
portion of the disk had more sp2 content than the bottom portion of the disk. Based on
the ESEM images and the Raman spectroscopy analysis, lower quality diamond was
grown on the quartz areas than the tungsten area. All three Raman sampling locations in
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Figure 2.11 had the same general crystal morphology, alluding to a lack of drastic
morphology changes across the diamond film.
The differences inferred in quality by the Raman spectra (Figure 2.11) could be
based on changes in growth conditions. The crystal alignment of diamond growth on
tungsten is different than diamond growth on quartz which could affect film
quality.12,17,18,21,24,33,92,94 Crystal misalignment leads to more defects in the diamond film
and weaker bonding to the underlying substrate. Traditionally, quality variations could
also be due to a difference in filament‐to‐substrate gap for growth.17,18,21 However, this
difference in gap between the top and bottom of the disk is only 22 m; thus it is
unlikely that the reactor conditions are this sensitive to distances. Another possible
explanation for this differential was the focusing of the laser. The focal point (z‐axis
adjustable) within the film could vary, resulting in sampling at different depths; typically
affecting the signal‐to‐noise ratio. Yet, if the Raman scattering signal originated from
regions within the film closer to the nucleation surface region, lower quality could be
observed.18,21 The most likely cause of the spatial variation in diamond quality was
differences in the crystal alignment of diamond with the growth substrate, since the
Raman spectroscopy measurement was consistent for six separate samples over three
growth batches.
The scans of the capillary walls (purple) were compared to those for the middle
of the disk (green), where a sharp diamond peak was always observed., Clean quartz
was scanned as a control in comparing these films, Figure 2.12a, to verify no unexpected
peaks occurred in the wavenumber range of interest.
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Figure 2.11: MicroRaman spectra across two diamond disk microelectrodes, each
sampled at three points, the top of the disk (red), the middle of the disk (green), and the
bottom of the disk (blue). At both electrodes, the middle of the disk has a higher quality
signal than either the top or the bottom. Also, the three sampled locations of the disk
have the same general shape as each other, alluding to a lack of drastic changes in the
film. (a) The bottom of the disk is slightly lower quality. Corresponds to Figure 2.6a,b.
(b) The top of the disk is slightly lower quality. Corresponds to Figure 2.4h.
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Figure 2.12: Raman spectra comparisons of the various growths along a quartz capillary
(purple) vs. the middle of the disk (green). (a) The background Raman signal of a quartz
capillary. No peaks are present in the range of interest. (b) A significant shift in the
diamond peak is observed, and a broad carbon peak is present. This shift could be
caused by stress within the diamond film. The broad carbon peak could be caused by
extra grain boundaries or increased sp2 content. (c) Diamond tip compared to
overgrowth along the quartz wall. The Raman spectrum from the overgrown diamond is
similar to the tip with more sp2 content. (d) The signal exhibits amorphous carbon
content by a broader sp3 peak and a sharper sp2 peak.
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The electrode from Figure 2.6d is evaluated using Raman spectroscopy, shown in
Figure 2.12b. Diamond with graphitic content is present as indicated by a broad graphite
peak. The ‘etching’ texture noted in Figure 2.6d is most likely not etching, but deposits
of carbon soot, with mostly graphitic content and diamond. Also there is a significant
peak shift, 1332 cm‐1 to 1370 cm‐1, which could be due to film stress12,15,33,35,54,88,92,94 or
to deposit of an alternate crystallized form of carbon other than diamond (such as highly
oriented pyrolytic‐graphite).54,88,92,94,95
Figure 2.12c shows the Raman spectrum from a side of a capillary with typical
conformal overgrowth along the capillary wall, but this electrode was not imaged with
ESEM. In this case, the diamond grown on the side shows diamond content with
graphitic content. Since the diamond film in this overgrowth case was faceted all along
the quartz wall, it had a more similar Raman profile to the middle of the disk.
The Raman signal in Figure 2.12d corresponds to diamond grown on the capillary
wall and middle of the disk of the electrode in Figure 2.6b. The diamond grown on the
capillary showed a broader sp3 peak and a sharper sp2 peak; the latter has been
attributed previously to crystallized sp2 content such as highly oriented pyrolytic‐
graphite (HOPG), nanodiamond, or amorphous diamond. The spectrum did not include
the 1150 cm‐1 peak usually present in amorphous diamond and nanodiamond.54,88,92-95
Thus, it is likely the two peaks were due to the D‐peak and G‐peak of HOPG with
diamond content.
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2.4.2 Slow Scan Cyclic Voltammetry Results
Slow Scan Cyclic Voltammetry (SCV) was used to determine if tungsten was
exposed within the quartz, or if there were pinholes in the diamond‐film disk. Four types
of electrodes were designated as standards for evaluating the disks grown: a pure
tungsten disk (blue), a diamond disk (red), a broken capillary such that both diamond
and tungsten would be exposed (orange), and a diamond disk with large IR drop
(orange). The diamond disk standard for these comparison was shown in Figure 2.6a.
The SCV scans were conducted in PBS with a scan rate of 300 mV/s. The first scan in
each series is indicated with a lighter shade of the same color. Figure 2.13 shows the full
potential window for these electrodes; Figure 2.14 shows an abridged window to focus
on tungsten’s faradaic reactions.
Figure 2.13 compares the potential window for all four electrodes. All four
voltammograms were plotted on the same scale, Figure 2.13a, to determine the relative
current difference between the electrodes. Figure 2.13b shows an SCV scan of a
tungsten disk with a range of ‐1.5 to +3.75 V vs. Ag/AgCl. Two oxidation peaks, at +0.3 V
and +0.6 V vs. Ag/AgCl, were indicative of tungsten. Figure 2.13c is the voltage window
of a diamond disk electrode, from ‐3.0 to +3.0 V vs. Ag/AgCl. A broken overgrown
diamond microelectrode had a potential window of ‐1.6 to +2.0 V vs. Ag/AgCl. Another
diamond disk was scanned; however, it contained a large IR drop across the electrode
because of the charging present. The window was estimated from ‐1.75 to +1.75 V vs.
Ag/AgCl.

50

Figure 2.13: Voltage window determined by SCV, comparing exposed tungsten (blue), a
diamond disk electrode (red), a broken diamond disk (orange), and a diamond disk
(green). (a) All four responses are shown on the same relative scale. The broken
diamond disk clearly has the largest signal. (b) The potential window of tungsten is
estimated at ‐1.5 V to +3.7 V. Two peaks are observed at +0.3 and +0.6 V. (c) The
potential window for the diamond disk electrode is ‐3.0 V to +3.0 V. (d) The potential
window for a diamond electrode that fractured is ‐1.6 V to +1.7 V. (e) A diamond disk
with large IR drop; the potential window is estimated at ‐1.5 to +1.5 V.
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Figure 2.14: A smaller SCV window is taken to observe the baseline and faradic reactions
within the dopamine and serotonin window for exposed tungsten (blue), a diamond disk
electrode (red), a broken diamond disk (orange), and a diamond disk (green). (a) All four
responses are shown on the same relative scale. The broken diamond disk has the
largest signal. (b) Two peaks are observed at +0.3 and +0.6 V vs. Ag/AgCl on the
tungsten electrode. (c) The largest current detected with diamond disk electrode is 0.45
nA; thus, the baseline signal is mostly saturated with noise. (d) The same tungsten
peaks, 0.3 and 0.6 V, are evident for the broken diamond disk electrode. (e) A diamond
disk with a large IR drop.
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The faradaic reactions within a smaller window, from ‐0.5 to +1.0 V vs. Ag/AgCl,
were also used to compare the four electrodes (Figure 2.14). All four scans are displayed
together, Figure 2.14a, to show the relative current difference. Tungsten has two
characteristic oxidation peaks at +0.3 V and +0.6 V vs. Ag/AgCl, Figure 2.14b. The
diamond disk current barely exceeds the level of noise when being scanned,
Figure 2.14c, with no current above 0.5 nA. Figure 2.14d shows the SCV scan of a broken
diamond electrode. The broken diamond electrode had much larger currents than the
tungsten disk, because more surface area was exposed. Finally, an additional diamond
electrode was scanned; however, this electrode exhibited large IR drop, Figure 2.14e.
Diagnosing the electrochemical functionality of a diamond disk and determining
if tungsten is exposed is simple using the SCV technique. When a disk is incomplete or
cracked, the current displayed by the tungsten is significantly larger than that expected
on a diamond disk. If pinholes exist in the diamond film, the characteristic tungsten
peaks should be exposed. Since diamond has no faradaic reactions in PBS within the
potential window, the tungsten peaks are easily distinguishable. Also, if an electrode
with a pinhole in the diamond film is scanned in H2SO4, the tungsten would be
chemically etched, leading to an unusable electrode by diamond delamination. Finally, if
there is a weak connection between the diamond and the metal, an IR drop will be
exhibited, as in Figure 2.13e and 2.14e,12 although insufficient doping could cause a
similar effect. In the remainder of this work, the electrodes that exhibit the IR drop are
not used.
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2.4.3 Fast Scan Cyclic Voltammetry Results: Sensitivity and Stability
When the diamond electrode is of appropriate size with minimal overgrowth,
FSCV can be used to detect electrochemically active neurotransmitters, such as
biological amines.39-42,49,50,62-71,96 Diamond electrodes have a high sensitivity, 1 nM
detection limit, for electrochemical detection of serotonin,40,41,44 dopamine,40,42,43 and
adenosine.42 Using FSCV, the detection of serotonin and dopamine was explored, the
adsorption of the analyte to the electrode surface during detection was determined,
and changes to the baseline current were examined, and are summarized in the
following sections.40
2.4.3.1 Detection of Serotonin
FSCV with FCI was used to obtain cyclic voltammograms (CV) for low (nM) and
high (M) serotonin concentrations detected at the same diamond microelectrode,
Figure 2.15. The serotonin red‐ox peaks and kinetics are different for 1 nM41 and for
10 M concentration, Figure 2.15a&c.40 Only one oxidation and reduction reaction is
observed at the 1 nM concentration; two oxidation and reduction reactions are
observed at the higher 10 M concentration. Also, a small shift in EP is observed for
the two concentrations, from 0.611 for the 1 nM concentration to 0.674 V for the 10 M
concentrations. The time‐varying current profiles, Figure 2.15b (1 nM) and Figure 2.15d
(10 M), look similar with slight curvature during the initial stage of serotonin injection.
The differences between the electrochemical responses for low and high
serotonin concentrations might be explained by a change in the surface termination
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Figure 2.15: Cyclic voltammograms (a,c) and current vs. time profiles (b,d) for serotonin
detection as the sensitivity of the disk‐shaped diamond microelectrode decreases. For
the as‐grown diamond, (a) the initial cyclic voltammogram (CV) of 1 nM serotonin (taken
at a 12.5 ms within the scan) is displayed: EP = 0.611 V and a S/N of 17.2 (ref 1). This CV
corresponds to (b) current vs. time plot taken at +0.958 V vs Ag/AgCl. In comparison for
the conditioned electrode, (c) the later cyclic voltammogram of 10 M serotonin (taken
at a 14.4 ms within the scan) displays a slightly larger EP = 0.674 V and a second
reaction EP = 0.769 V with a S/N of 432.9. (d) The current vs. time plot at +0.785 V vs
Ag/AgCl for the 10 M serotonin reaction displays similar curvature to the 1 nM
solution.
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Figure 2.16: Cyclic voltammograms and current vs. time profiles comparing 1 nM and
10 M dopamine, as the sensitivity of the diamond microdisk electrode decreases.
Different electrodes are used for the two concentrations. For the as‐grown electrode,
(a) the initial cyclic voltammogram of 1 nM dopamine (taken at 10.0 ms within the scan)
displays reversible kinetics, with EP = 0.142 V, and a S/N of 28.4. (b) The corresponding
current vs. time plot taken at +0.452 V vs Ag/AgCl displays curvature suggestive of
dopamine adsorption. In comparison to conditioned electrodes, (c) the cyclic
voltammogram of 10 M dopamine (taken at 14.2 ms within the scan) shows
irreversible kinetics, with EP = 0.805 V, and a S/N of 146.6. (d) The current vs. time plot
taken at +0.863 V vs Ag/AgCl is more square shaped, suggesting that less adsorption is
occurring.
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group from hydrogen to oxygen.5,80 Two reactions are observed at 10 M concentration
measurements and only one reaction at 1 nM concentration, even with the same
scanning parameters used. Our 10 M data (by fast scan voltammetry) appears to
follow the 2‐step reaction mechanism previously proposed39 and observed on diamond
macroelectrodes (by SCV).44 Jackson et al. noted that lowering the scan rate can lead to
observation of both coupled reactions;39 but it is unexplained why two reactions are
only observed at our electrodes at the higher concentrations.
Our data also show that the oxidation current for a given nM concentration
drops significantly after the first five scans (dropping below detection, <500 pA) – and
does so seemingly irreversibly. This applies to detection of serotonin and dopamine. For
a given sensitivity, the current would scale with concentration, but because sensitivity is
being greatly reduced, a calibration for the “highly sensitive” surface has not been
possible to obtain. The reduction in this sensitivity and methods to improve the overall
sensitivity are being investigated.
2.4.3.2 Dopamine Detection
A comparison of dopamine detection kinetics was made between low
concentration

(1 nM)

and

high

concentration

(10 M)

at

several diamond

microelectrodes (Figure 2.16a&b). Dopamine detection had more significant decreases
in kinetics than serotonin, as the diamond electrode sensitivity decreased from 1 nM
(Figure 2.16a) to 10 M (Figure 2.16c). The higher sensitivity, 1 nM detection displayed
reversible kinetics, EP = 0.142 V, whereas the lower sensitivity 10 M detection was
irreversible, with EP = 0.805 V. The time‐varying current profile for 1 nM, Figure 2.16b,
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showed greater curvature at the start of injection than the more square profile for
10 M, Figure 2.16d. The curves can be indicative of a difference in the surface
adsorption. This interpretation was consistent with the adsorption model previously
presented for flow injection profiles of dopamine detection with carbon‐fiber
microelectrodes.50 Thus, these data suggest that when the diamond electrode was
initially capable of detecting 1 nM dopamine, it more strongly adsorbed dopamine than
when the sensitivity decreased to micromolar levels.
2.3.3.3 Determining the Rate Limiting Step
An electrochemical reaction typically occurs in two or three stages: diffusion,
faradaic reaction, and sometimes adsorption.89 The rate limiting step (RLS) in an
electrochemical reaction is determined by varying the scan rate, v , and measuring the
current. The RLS is typically the diffusion process unless an adsorption step occurs. The
relationship between scan rate and current is used to determine the RLS. If the current
is directly proportional to the scan rate [Eq. 2.1], then it is adsorption limited; if it is
proportional to the square root of the scan rate [Eq. 2.2], then it is diffusion limited.89
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The hypothesis is that the RLS may change when the sensitivity decreases in both
the serotonin and the dopamine case. Figure 2.17 shows the current for dopamine and
serotonin detection with conditioned (low sensitivity/oxygen terminated) diamond
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Figure 2.17: Current data vs. square root of scan rate at conditioned diamond
microelectrodes shows a diffusion‐limited current for both (a) serotonin and
(b) dopamine. For serotonin, the diffusion‐limited behavior is observed for oxidation
and reduction. Each point represents an average of four scans, five cycles per scan.
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Figure2.18: The baseline current was evaluated for two disk‐type electrodes while
detecting dopamine (a,b) and serotonin (c). Each point in the (a) cyclic voltammograms
represents an average over ten cycles and was measured before any neurotransmitter
was injected. The general voltammogram shape remained unchanged over time, varying
only in the signal magnitude, so, an arbitrary potential of +0.6 V vs Ag/AgCl was chosen
for representing the data in a histogram format. (b) The high sensitivity signal decreased
(from 1 nM to 1 M) for dopamine after Run #1. After diamond surface
rehydrogenation, dopamine sensitivity was reestablished to 100 nM but was lost again
after five successive scans. Baseline currents changed, but not enough to adequately
explain the observed sensitivity changes. Similarly, for serotonin detection, (c) the
histogram at +0.6 V vs Ag/AgCl shows relatively insignificant baseline current changes as
compared with the decrease in sensitivity throughout the lifetime of the electrode,
including in vitro experimentation.
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electrodes. In all three reactions, serotonin oxidation, serotonin reduction, and
dopamine oxidation, the current was linear with respect to the square root of the scan
rate.40,43,44 Therefore, according to [Eq. 2.2], these reactions followed diffusion limiting
behavior, suggestive of fast or minimal adsorption interaction of the analytes with the
diamond surface.89 The RLS for as‐grown (hydrogen‐terminated) electrodes, exhibiting
high, nM sensitivity, has not yet been measured. Because of the transient nature of the
hydrogen terminated surface, no further comparison of the RLS could be made. Thus,
this hypothesis remains untested.
2.4.3.4 Comparison of Baseline Current
The baseline current of the electrodes during FSCV was examined to further
investigate the loss of sensitivity exhibited by the electrodes. The hypothesis, proved
false, was that sensitivity should decrease as the baseline current increased, since,
theoretically, the signal‐to‐noise ratio should decrease. Figure 2.18a compares FSCVs of
HEPES buffer prior to analyte injection. These data are expressed in Figures 2.18b&c as
histograms because the voltammograms were equivalent in shape, just differing in the
current at specific potentials. For these baseline current comparisons, +0.6 V vs. Ag/AgCl
was chosen, denoted by the dotted line in Figure 2.18a. The diamond electrode’s
sensitivity behavior and experimental conditioning are also tracked in the histograms.
High, nanomolar sensitivity for dopamine decreased by a factor of 1000, from
1 nM to 1 M, after five runs, yet, the baseline did not increase; instead, it decreased by
15%, Figure 2.18a,b. (Several of these CVs were collected by Songtao Xie). After
rehydrogenation in the HFCVD reactor, sensitivity was recovered to 100 nM, but only
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temporarily (5 additional runs). Rehydrogenation surprisingly increased the baseline by
130%; the hydrogen environment may have altered the diamond microstructure and
area. The baseline decreased by 2% after testing of the rehydrogenated electrode.
Similar baseline tests (Figure 2.18c) with a diamond electrode were conducted
while detecting serotonin in a MOPS/Aplysia saline buffer. The high, nanomolar
sensitivity, lasted four consecutive runs, plus an additional four runs after air storage of
the electrode. After storage, a 32% baseline decrease was observed. The voltage
window for the applied waveform was increased, raising the overall background current
by 12%. The baseline current decreases 22% after in vitro experiments. Still, over the
lifetime of the electrode (i.e., storage in air, increased scanning voltages), a change in
baseline on the order of loss of sensitivity (1000‐fold) was not observed.
A significant change in the baseline current could help explain the 1000‐fold
decrease in sensitivity. A decrease would signify a loss in activation sites; in contrast, an
increase would provide a lower signal‐to‐noise ratio. Either baseline change would
lower the electrode’s sensitivity. However, only a 50% change in baseline was observed
over total electrode use, not enough to justify or prove the hypothesis. Thus, the
observed change in sensitivity might be independent of baseline current.
2.4.4 Conclusions on the Analysis Related to Electrode Fabrication
Analysis of the quality of the diamond disks grown was standardized using
Raman spectroscopy, SCV, and FSCV in addition to ESEM. Raman spectroscopy was used
to determine the sp3 vs. sp2 content. Using Raman spectroscopy, it was determined that
the diamond grown over the quartz section had more sp2 content than the diamond
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grown over the tungsten portion of the electrode. SCV was used to determine if any
tungsten was exposed. Finally, FSCV with FCI was used to determine the detection limit
of specific analytes.
Although only lasting a few scans, high sensitivity (1 nM analyte) was
achieved.40-42 When sensitivity is diminished, the stability of the electrode at its lower
level lasts over many scans and days of storage.40-42 At this time, the reasons for the
major reduction in sensitivity has not been determined.
These qualification tests verify that the diamond disk electrodes would be good
for in vitro use. The electrodes are designed in a needle‐like geometry, which is good for
placement with precise tissue work under a microscope. For chemical sensing, these
electrodes are verified to stably detect 1 M serotonin and dopamine over long periods
of time.
2.5

in vitro Tests
Implementation of the diamond disk in an in vitro environment was conducted

to study how the device would perform in a biological environment. This diamond
device was verified to record action potentials, stimulate individual neurons, and record
chemical signals from individual neuron release.
2.5.1 Animal Model
Aplysia californica, a marine mollusk, is a commonly used animal model for
neurodynamic studies (Figure 2.19a). Our focus is on the buccal mass, i.e. the muscular
structure for feeding (Figure 2.19b). The associated neural circuitry of the buccal mass is
the buccal ganglion (Figure 2.19c), a collection of cells that control the feeding motor
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patterns. The somata (cell bodies) of the buccal motor neurons are large (~50–150 µm),
identifiable, and readily accessible, as seen in Figure 2.19c. The cerebral ganglion
(Figure 2.19d) contains another specific cell of interest, the metacerebral cell (MCC),
which releases serotonin throughout the buccal ganglion and buccal mass.97
Using this animal model, it is possible to obtain electrophysiology recordings and
monitor chemical release from a single cell. In addition, neural activity in the buccal
ganglion motor neurons can often be directly correlated with muscular response;
e.g., patterns of buccal nerve recordings in vivo (corresponding to recordings of multiple
neurons firing) can distinguish between the three fundamental feeding behaviors:
biting, rejecting, and swallowing.98 All three behaviors are initiated by the activation of
the I2 muscle, Figure 2.19b, which pushes the central grasper forward, and are ended by
the contraction of the I1/I3 muscle complex which pushes the central grasper inward.99
The three fundamental behaviors vary in when the grasper (radula/odontophore) is
opened and closed. In biting, the grasper is strongly protracted open, followed by a
weak retraction closed. In swallowing, the grasper is weakly protracted open, followed
by a strong retraction open. Finally, in rejection, the grasper is strongly protracted
closed, followed by a strong retraction open.
The MCC has multiple roles in feeding behavior, including the release of
serotonin, a neuromodulator, throughout the buccal muscular structure.97,100 The MCC
is connected to the buccal ganglion through the cerebral–buccal connective (CBC). The
MCC contains approximately 940±610  serotonin in the soma, and 4% is released
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Figure 2.19: Visual image of the animal model, (a) Aplysia californica, used for these
studies. (Image taken by David Chestek. Used with permission). (b) A schematic drawing
of the buccal mass (constructed by Richard Drushel, used with permission), which is the
muscular structure in charge of the feeding mechanism of the ganglion. The primary
protraction muscle is the I2 muscle, which causes the radula/odontophore to move
forward. The primary retraction muscle is the I1/I3 muscle complex, which causes the
radula/odontophore to move backward. (c) A buccal ganglion, half desheathed, to
expose the cells underneath. The desheathing process involves removing the sheath to
allow direct access to the cells. B3, labeled in the figure, is approximately 150 m in
diameter. (d) The cerebral ganglion, half desheathed, exposing the metacerebral cell
(MCC), approximately 250 m in diameter.
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Figure 2.20: Schematics, not drawn to scale, of the experimental setups in the animal
model. (a) A diamond electrode is introduced above an electrically coupled neuron B4 or
B5, which projects onto BN3. Stimulation or recording occurs at the diamond electrode
with the sheath intact. Confirmation of proper stimulation or recording comes from the
suction electrode on BN3. (b) The desheathing process is outlined with each number
corresponding to the step in the process. (c) The I2 muscle is removed from the buccal
mass, still attached to the buccal ganglion. The cerebral ganglion is also removed with
the cerebral‐buccal connection (CBC) still intact. An intracellular electrode is placed in
the MCC after desheathing to release serotonin to the I2 muscle, recorded with FSCV by
a diamond electrode.
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(38±24  with the generation of an action potential78,101,102 throughout the buccal
mass, buccal ganglion, and cerebral ganglion.
In our in vitro studies, diamond microelectrodes are tested to (a) extracellularly
record electrical activity, (b) stimulate cells, and (c) detect serotonin. Through real‐time
detection with diamond electrodes, we seek to determine the release site and
concentration of serotonin released from the MCC at the I2 muscle during a normal
feeding pattern. In addition, we will explore diamond’s capabilities as a sensor for
electrical activity and as a neural stimulating electrode. Our long‐term goal is to
integrate these functions into a single diamond device that can both manipulate and
monitor aspects of neural activity. Our animal model, Aplysia, provides unique
advantages for development of an integrated device since all three aspects of neural
activity – stimulation, electrical activity and neurotransmitter sensing – can be probed at
the neuron cell body.
2.5.2 in vitro Methods
Aplysia, 150‐300 g animals, are anesthetized with a 50% body weight injection of
333 mM MgCl2 in water solution. The cerebral and buccal ganglia are removed along
with the buccal muscular structure. Next, the ganglia or muscle can be isolated by
cutting the connective tissue and nerves and pinning out the areas of interest on a
silgard petri dish.
Extracellular techniques consist of placing an electrode directly outside the cell
or recordings from a nerve. The standard electrode for use directly above the cell is a
blunt pulled glass pipette (~10 m), filled with potassium acetate. A nerve is suctioned
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into a polyethylene tube filled with APS to conduct nerve recordings. A chlorided silver
wire is used for the electrical connection between the nerve and external equipment;
however, the chlorided silver wire could lead to electrical drift and inconsistencies.
Diamond, a more stable electrode, could limit these disadvantages for chronic
recordings. To conduct extracellular electrical recording or stimulating through the lipid
sheath (insulating layer surrounding the cells), an extracellular diamond electrode is
pressed into the sheath above the desired cell, so that the sheath surrounds the
electrode, insulating it from the electrolyte, APS (Figure 2.20). Each neuron is
distinguished by visual inspection and by its signal amplitude on the nerve.
Buccal neuron 4 (B4) and buccal neuron 5 (B5) were chosen for the stimulation
and recording experiments. They are easily distinguishable because they are always
prevalent during a rejection pattern, generated by an esophageal nerve (EN) shock.
These two neurons have the largest signal on buccal nerve 3 (BN3). Also, B4/B5 are
electrically coupled, meaning if one fires the other is likely to fire; however, it is possible
to stimulate one without the other, establishing specificity.
Extracellular techniques are less invasive and thus more desirable, but
penetration of the sheath is necessary for the initial detection of serotonin and direct
intracellular measurements. The insulating sheath layer is only removed, or desheathed,
as necessary. Desheathing the buccal ganglion is a procedure that requires precision and
patience. First, the buccal ganglion is pinned out taut. The sheath is then thinned by
carefully pulling on the sheath with tweezers and making small incisions along the
sheath without cutting into the cells. After the sheath is significantly thinned, including
68

underneath the ganglion, the pins must be retightened to ensure the ganglion is still
pinned out tightly. The ganglion is then cut into from the side opposite of the B4/B5 cell,
exposing a couple of cells. The sheath is carefully pulled back, exposing the cells, and
removed using small incisions. Eventually, all the cells are exposed.
A slightly different procedure is used to desheath the cerebral ganglion
(Figure 2.20b). The cerebral ganglion has sheath and interconnective tissue running
throughout it in designated areas isolating pouches within the cerebral ganglion. The
pouch of interest contains the MCC and this area is the only one that must be
completely desheathed. The procedure starts the same, pinning out the ganglion taut
and significantly thinning the sheath across the whole ganglion, focusing on the center
of the ganglion and section above the MCC. The first incision into the ganglion should
occur along the line marked (1) in Figure 2.20b. Next, a flap is pulled back with incisions
along lines (2) and (3). This flap can be completely removed with a final cut along (4),
allowing easy access to the pouch containing the MCC. Cuts are then carefully placed
along (4) into the MCC pouch to expose the cells within the designated pouch. Then,
without cutting over the MCC, cuts along (5) and (6) are made, pulling back the flap over
the entire MCC pouch. Finally, this flap is removed by cutting along (7), finishing the
desheathing procedure and exposing the MCC.
Serotonin release from stimulation of the MCC is expected within the I2 muscle
and is monitored by a diamond extracellular electrode. The MCC has processes to the I2
muscle, the primary muscle for protraction.100 Exogenously injected serotonin enhances
the I2 muscle’s contractile strength, indicating that serotonin plays a direct role in the
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behavioral function of I2.103 To elicit serotonin release from the I2 muscle, an
intracellular (Ag/AgCl) electrode is placed in the MCC, and a diamond electrode is placed
at the muscle fibers of an intact I2muscle (Figure 2.20c). The standard intracellular
electrode used, a chlorided silver wire electrode (housed in a sharply pulled glass
pipette, <1 m diameter, potassium acetate electrolyte), is inserted into the soma, and
the time varying membrane potential is recorded. The intracellular technique provides a
direct measurement of electrical activity from a specific cell. Additionally, intracellular
electrodes inject small amounts of current within the cell, enabling simultaneous
stimulation and recording.
The solutions used are APS for the electrophysiological measurements and a high
divalent cationic solution (334 mM NaCl, 40 mM MgCl2&6H2O, 10 mM KCl,
40 mM CaCl2&2H2O, 10 mM MOPS, and 10 mM glucose) for chemical measurements to
eliminate spontaneous neuron activity.
2.5.3 Recording and Stimulating Verification
Extracellular recording was taken after EN shock from a diamond disk electrode,
and a standard glass extracellular electrode was used for verification of the technique. A
suction electrode is placed on BN3 which recorded multiple signals, reflecting activity in
B4/B5 (Figure 2.21, top). A one‐to‐one relationship was observed on the standard glass
and diamond electrode, indicating that it was selectively recording from one neuron,
(Figure 2.21, bottom). Extracellular stimulation using a diamond electrode revealed a
single action potential, signifying that one neuron was stimulated without activating
neighboring cells (Figure 2.22). Both of these results reveal that diamond can record and
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stimulate neurons within the Aplysia environment as efficiently as the standard glass
electrode.
2.5.4 Combining the Electrical Recording with Chemical Sensing
Complications arise when trying to combine FSCV chemical sensing from a
diamond electrode with standard electrical recording techniques. A change occurs in the
intracellular recording from turning on the FSCV voltage waveform (Figure 2.23a). This
hyperpolarizes the cell by producing negative pulses on the cell. The grounding wire,
typically to reduce noise in electrical recording, acts as a current sink for the FSCV signal.
Therefore, the chemical sensing data are recorded without an electrical ground.
Figure 2.23b shows the change in the intracellular recording when the electrical ground
is removed during the FSCV signal. Normal action potentials are observed in
Figure 2.23c. Figure 2.23d shows action potentials during an FSCV signal without the
electrical ground. The action potentials are difficult to observe but are visible above the
noise of all the interference.
2.5.5 Chemical Sensing in vitro
A diamond disk was used to probe for serotonin release in the I2 muscle, above
the MCC, and throughout the buccal ganglion. Using FSCV while stimulating the MCC
intracellularly, no chemical release was detected above the MCC. Penetrating the MCC
with the diamond electrode showed a significant increase in serotonin concentration as
expected, but this destroyed the cell. The diamond disk also did not detect any
serotonin release in the buccal ganglion. The precise site of release at the buccal
ganglion is unknown, so lack of detection could be due to electrode placement.
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Figure 2.21: Electrical recording comparing the standard glass electrode to a diamond
disk electrode. A suction electrode on the nerve (top) records activity from both cells,
while the standard glass and diamond electrode (bottom) records single‐cell activity
above the B4 or B5 cell.

Figure 2.22: Extracellular stimulation using a diamond disk at B4 or B5 produced a single
distinct action potential after stimulation.
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Figure 2.23: MCC Intracellular recording observations while attempting to add
extracellular chemical sensing using FSCV. (a) Negative signals caused by the FSCV
signal. (b) Removing the electrical ground allows for the possibility of using FSCV. The
transition is seen shortly after 1.0 s. (c) Action potentials observed without the activity
of the FSCV interference. (d) Action potentials observed while attempting to detect
chemical signals with FSCV after the removal of the electrical ground.
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Figure 2.24: Serotonin release from the MCC into the I2 muscle was observed. The
muscle tissue is washed for 10 min. before the experiment, keeping the MCC at rest. (a)
36 action potentials were observed during the intracellular stimulation. (b) A
background current was taken for the first 10 s, then stimulus (a) was added, denoted
by the black bar. The current vs. time data was reported at +0.667 V vs. Ag/AgCl. (c)
Control: After wash, 10 mL of 10 nM serotonin was added to the bath, and a similar
current vs. time change was recorded at +0.667 V vs. Ag/AgCl.
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At the I2 muscle, serotonin was detected in various locations. Upon generation
of 36 action potentials within the MCC (Figure 2.24a), a possible serotonin signal was
detected. The current vs. time change was reported, with the peak current at +0.667 V
vs. Ag/AgCl (Figure 2.24b). As a control, 10 mL of 10 nM serotonin was added to the
bath and a similar peak current at +0.667 V vs. Ag/AgCl was observed (Figure 2.24c). The
chemical signal, barely above noise level, did have the characteristic current expected in
a recorded chemical signal. However, this might just have been an artifact since the
cyclic voltammetry signal looked noisy, and this was not replicable.
2.6

Conclusions
The 30 m diamond disk electrodes encapsulated in quartz were investigated.

Greater understanding of these electrodes was obtained by observing the substrate
before and after growth and determining the nucleation sites. It was determined that
the most important variable in the reproducibility of growth is properly preparing the
samples during the cleaning stage. By careful manual abrasion of the entire pulled
quartz capillary without breaking the substrate, isolated disk electrodes can be grown
on the tip. Raman spectroscopy was used to determine that the diamond grown on the
quartz section of the substrate had more sp2 content than the diamond grown on the
tungsten section.
These microelectrodes were calibrated with FSCV for greater than 1 M analyte
and used successfully in an in vitro environment. Sensitivity as high as 1 nM was
detected but was not reproducible after 5 initial scans. The reasons for the major
reduction in sensitivity were not conclusively determined because the electrodes
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fabricated to detect 1 nM were not replicated. Sensitivity at 1 M was reproducible over
multiple scans, and the diamond device could be calibrated up to 100 M
concentrations. Action potentials were successfully detected by the diamond disk and
generated with a stimulus pulse. Finally, serotonin release was possibly detected with
the diamond disk electrode in the I2 muscle.
Improvements are necessary in the areas of size and reproducibility. The 30 m
disk diamond electrodes could be reduced. These disk electrodes occasionally saturate
the bipotentiostat when they have significant overgrowth or when exposed to a high‐
concentration injection of analyte. With a reduced size geometric size of the diamond
disk electrode to one dimension (diameter or edge) no larger than 10 m (as discussed
in Chapter 1.3), the signal would always be on the scale of FSCV. A new design of an in
vitro electrode is also necessary to increase the geometric reproducibility and decrease
the fabrication time.
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3

Development of Smaller Diamond Microelectrodes
Diamond was reproducibly, selectively grown at the tip of a hollow quartz

capillary, resulting in a diamond‐coated tip diameter of 2‐4 m. Three different shapes
were created; disk, sphere, and cylinder, with the shape dependent on the beveling
time (refer to Section 1.4 for the summary of the fabrication of larger diameter disk
electrodes). These devices were designed without a tungsten wire to significantly
reduce their tip diameter and increase the geometric reproducibility but, as as result,
lacked an electrical connection to the conductive diamond tip. Various techniques were
explored to create an electrical connection along the wall or filling the inside of a hollow
quartz capillary, including filling it with a conductive solution, plating the inside walls
with a tungsten or platinum ink, and electroless plating of copper onto the capillary
walls. Most recently, another strategy, vapor deposition of tungsten onto the capillary
walls, was pursued; this approach will be discussed separately in Chapter 6.
In this chapter, a new, smaller and more geometrically reproducible electrode
was developed, addressing the reproducibility and size limitations of diamond
microelectrode development, as discussed in Section 1.2. Quartz was chosen as a
predictable insulator based on a greater understanding of the growth on quartz
capillaries, see Chapter 2. Using a predictable insulator also addressed another
limitation in diamond microelectrode development, also discussed in Section 1.2. The
needle tipped geometry was still chosen for intended in vitro use because it allows
accurate electrode placement during experimentation. Macro‐ and micro‐manipulators
already existed to maneuver the electrode tip to the desired location using a standard
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microscope setup. This new electrode had an 85‐95% fabrication yield (from start of
preparation until the end of diamond growth) with a hands‐on fabrication time of 4‐5
hrs; however, the device was not functional since the resulting electrode remains
without an electrical connection.
3.1

Rationale: The Need for Smaller Microelectrodes
The 30 m diamond disk microelectrode technology needs to be modified

because of its low fabrication success rate and long fabrication time. The success rate of
production from start to finish, that is, from the pulling stage of the electrode to the end
of diamond growth, is 5‐35%, depending on student experience and training. Also, the
average time to make 10 electrodes is approximately 10‐20 hrs. This is unacceptable for
any long‐term research plans using these electrodes; thus, a more reproducible
electrode with a shorter fabrication time is needed.9
In addition, creating a smaller sized diamond microelectrode allows more spatial
and temporal resolution than the previous generation of microelectrodes.7-9,40 A
reduction in functional surface area guarantees that the resulting electrode background
currents will be on‐scale for FSCV if no underlying metal is exposed.63,64,67,89 Also, a
reduction in surface area allows FSCV scans to be conducted at higher scan rates (which
amplifies the current), thus scans could be completed reliably in under 5 ms.62-65,67-69,71
The increase in spatial resolution allows better mapping of neurotransmitter release
sites and electrical activity. Finally, if the electrode is small enough, it could function as
an intracellular electrode in the Aplysia californica.76,77,79,104-106
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Figure 3.1: (a) An example of quartz completely cracking off a needle tip electrode. The
thermal expansion of tungsten is larger than quartz causing the tungsten to expand
faster than the quartz. (b) Large faceting is observed on the electrode tip indicating the
growth of high quality diamond at the tip.
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3.2

Reducing the Tungsten Wire Diameter
The first option to reduce the final diamond electrode diameter was to switch

from a 25 m diameter tungsten wire, as described in Chapter 2, to a 13 m diameter
wire. The device made with a 13 m diameter wire is prepared in the same fashion as
the previously grown diamond disk microelectrodes described in Chapter 2. The 13 m
tungsten wire is more difficult to handle, tending to curl up instead of lying straight. A
threader, similar to that used for hand‐sewing, can be used to thread the small diameter
wire though the quartz capillary. The curling of the wire allows slack to be present
during the capillary pulling process, making the entire process easier and more
reproducible. The remaining stages, beveling and cleaning, stay the same in difficulty
and time.
The quartz capillary cracked during every growth attempt for the 13 m disk
electrodes. A diamond disk grew on the end of a bare tungsten wire, resulting from the
quartz completely cracking off the walls (Figure 3.1). The coefficient of thermal
expansion mismatch between tungsten and quartz, 4.591 and 0.5590 (m/m∙ºC)
respectively, caused a stress and strain at the interface between the two materials.
Growth batches with these wires were attempted three times, varying the growth
parameters, but this device was eventually dismissed as a possibility because these
problems would be even greater for mass production.
A complete redesign of the electrode was needed to make any improvement to
the fabrication time and success rates. The 13 m diameter tungsten wire electrodes
had the same fabrication time, thus no improvements were made. The redesigned
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electrode must have a precise and consistent product to ensure reproducibility, and the
fabrication time must be reasonable to allow mass production.
3.3

Removing the Tungsten Wire
In an effort to redesign the quartz insulated diamond microelectrodes, the

tungsten was removed from the fabrication process. The tungsten wire set a lower limit
for the final diameter of the disk electrode, since the tungsten diameter is never
reduced by stretching in the pulling process. Quartz was still chosen as an insulator
because of its high melting temperature and ease of pulling capillaries to a fine tip.90
Without tungsten to increase the diameter, the quartz capillary is pulled to a
very fine tip, <1 m. After beveling, the final outside diameter of the quartz capillary
diameter is estimated at 1‐4 m. The beveling process is necessary to open the tip of
the capillary, allowing interior access for an electrical connection, and to seed the tip
with diamond particles.
3.3.1 Growth at the End of Hollow Quartz Capillaries
Figure 3.2 and Figure 3.3 show the first attempts at growing diamond at the end
of a quartz capillary. These attempts resulted in the quartz breaking, Figure 3.2(a,f) and
Figure 3.3(a), or the quartz melting and folding onto itself, Figure 3.2(b,c,e) and
Figure 3.3(b,c). The electrodes were seeded with diamond in the same fashion as the
tungsten filled quartz, by beveling at 45°, but without any cleaning of the capillary tips.
All of the substrates were grown under the same conditions.
As a qualitative evaluation of the growth process, Figure 3.2 compares images of
before and after diamond growth on hollow quartz capillaries. Before growth, the
81

capillaries still have residual water inside which was drawn up into the capillary from the
beveling pad. The water caused an optical reflection in the image. Equivalent, intact,
fine tips ranged from 1‐5 m in outside diameter. A complete fracture is shown in
Figure 3.2a, from mishandling or overheating the substrate. After growth, a broken
quartz capillary had some diamond along the wall, and diamond ‘floating’ above the
broken tip, as shown in Figure 3.2b. In Figure 3.2c, a quartz capillary melted or bent,
creating a joint, and diamond grew along the edges. The desired outcome, a diamond
film on an intact quartz capillary, is shown in Figure 3.2d. One capillary completely
shattered from the growth process, Figure 3.2e. Diamond was grown on the electrode
shown in Figure 3.2f, but it also melted and bent as a result of heating during growth.
Figure 3.3 shows ESEM images used for additional qualitative evaluation of four
samples in Figure 3.2. These images helped determine the location and severity of
growth failure. Figure 3.3a‐d corresponds to Figure 3.2a‐d, respectively. The capillary
shown in Figure 3.3a had a clean break with some nucleation along the side of the wall.
Because the capillary fractured, no seeding occurred at the tip, and thus no diamond
growth occurred at the tip. Another capillary with a clean break, Figure 3.3b, had the
broken side fused to the upright side of the capillary. This broken capillary created the
illusion of diamond ‘floating’ off the tip (Figure 3.2b). The electrode in Figure 3.3c had
four separate breaks. The diamond overgrowth appeared to be holding the electrode
together. One electrode remained uncracked and intact, Figure 3.3d and Figure 3.4.
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Figure 3.2: Optical images of hollow quartz capillaries, used as a proof of principle during
the investigation phase. Before images are taken before loading samples into the
reactor to show no damage to the capillaries are induced during pulling and beveling.
After growth images show many damaged samples, with a white arrow indicating
observed damage. (a) The capillary tip is broken. (b) Diamond appears to be floating
over a clean quartz capillary. (c) The diamond growth is bent over. The quartz capillary
bent because of the stress from the diamond film growth, heat from the filaments, or
both. (d) The ideal case with the quartz capillary intact and complete film at the tip.
(e) The diamond growth region is bent, similar to the case in (c). (f) The quartz capillary
is plagued with holes and cracks probably caused by the heating of the filaments.
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Figure 3.3: ESEM images to determine the growth conditions necessary to grow
diamond on hollow quartz capillaries. (a) The capillary was clearly broken before or
during the diamond growth phase. No diamond grows on the tip because that area is
unseeded. (b) The capillary broke during the growth phase. The top of the capillary bent
over and fused to the side of a clean quartz wall during growth. (c) Several bends are
observed on the capillary due to the stress in diamond growth or overheating the quartz
capillary. (d) The ideal growth of diamond on a hollow quartz capillary. This capillary was
1.5 mm below the other capillaries during the growth phase.
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Figure 3.4: Diamond growth on an intact hollow quartz capillary. The diamond growth is
extended along the quartz walls because this capillary was not cleaned after beveling.
Inset: The diamond closes the opening at the end of the quartz. The resulting diameter
is approximately 4 m.
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Figure 3.5: MicroRaman spectrum was taken of diamond on hollow quartz capillary. A
sharp peak is observed at 1331 cm‐1 indicating high sp3 (diamond) content. A shoulder
occurs at 1580 cm‐1 indicating some sp2 (graphitic) content. The capillary melted during
this scan so the shoulder could also indicate the sample melting under the high
temperature laser.
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________________________________________________________________________
Table 3.1: A detailed procedure for the heat up and cool down process in growing
diamond on the tip of hollow quartz capillary.
Flow Rates: 2.00 sccm CH4
4.00 sccm TMB
196 sccm H2
Vacuum overnight and run reactor identical until filaments are turned on.
Time = 0 min
Filaments on and turned up slowly to 1350°C
Time = 10 min
Turned up to 1625°C
Time = 20 min
Turned up to 1800°C
Time = 30 min
Turned up to 1875°C
Time = 40 min
Turned up to 1960°C – Growth continues for 1.5 hrs
Time = 130 min
Turn off CH4 and TMB. Turned down temperature slowly
Time = 132 min
Turned down slowly to 1550°C
Time = 150 min
Turned down to 1200°C
Time = 160 min
Turned down to a dull red heat
Time = 170 min
Filaments off. Additional H2 purge for at least 1.5 hrs
________________________________________________________________________
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Figure 3.6: ESEM images of diamond growth at the end of hollow quartz capillaries.
These electrodes are grown at a further distance from the filaments and a cooler
temperature leading to more reproducible conditions. Overgrowth occurs because the
walls were not cleaned after beveling. (a,b) The resulting shape is more sphere‐like.
(c,d) The resulting shape is more disk‐like. (e,f) This electrode has a sphere‐like shape.
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Figure 3.7: ESEM images of diamond grown on the end of hollow quartz capillaries
without any overgrowth. After beveling, these samples were cleaned using the manual
abrasion method. The resulting shapes correlate to the amount of beveling time for
each sample. (a,b) A cylinder shape results from beveling 30 sec. (c,d) A sphere shape,
2‐4 m in diameter, results by beveling 15 sec. (e,f) A 3‐5 m diameter disk shape
results by beveling 5 sec.
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A closer look at the unbroken, intact electrode revealed that the capillary tip was
completely covered with diamond, and the capillary remained intact, Figure 3.4. The
inset shows the diamond tip of the electrode was approximately 3‐4 m, a little larger
than the desired <1 m tip.
A microRaman spectrum of the sample from Figure 3.4 determined the quality of
the electrode, Figure 3.5. A sharp sp3 peak was observed, alluding to a high quality
electrode. However, the laser heated the quartz capillary, melting the electrode during
the Raman spectroscopy scan, at approximately 1550 cm‐1. The shoulder in the Raman
spectroscopy signal, occurring at 1580 cm‐1, usually signifies sp2 content; however, it
may also indicate the sample was melting and moving out of focus.
3.3.2 Optimizing the Growth Procedure for Diamond on Hollow Quartz Capillaries
Three complications existed in the development of the electrode shown in
Figure 3.3. First, the electrodes often melted or broke. The only successful electrode,
Figure 3.3d, was positioned for diamond growth with a substrate‐to‐filament distance
that was 1.5 mm more than the broken electrodes in the same run, indicating that a
lower temperature was necessary for growth without breaking or melting the
capillaries. The second complication was diamond overgrowth. These electrodes had
not been cleaned with any method; it was necessary to use a manual wipe cleaning
method with a damp kim wipe to remove any excess diamond seeding particles along
the capillary, as discussed in Section 2.3. Finally, an electrical connection to the tip
originating from the inside of the capillary was lacking. Methods to create this electrical
connection inside the quartz capillary were investigated.
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To solve the first complication, overheating, several electrodes were prepared at
a cooler subtrate temperature by reducing the filament temperature, using slower heat‐
up and cool‐down procedures, and increasing the substrate‐to‐filament distance. This
distance was 10.5 mm, and the distance of the heat sink to the filaments was 9 mm. The
reactor was heated from room temperature to 1950oC over a forty min. period,
increasing the temperature from 1350oC by about 200o every 10 min. The full growth
procedure is detailed in Table 3.1.
Three electrodes were generated in one batch using this procedure, Figure 3.6,
without breaking. Figure 3.6a,b shows the tip of a spherical electrode, beveled during
preparation for 15 sec. Figure 3.6c,d shows a disk‐shaped electrode, beveled during
preparation for only 5 sec. Finally, Figure 3.6e,f also shows a spherical electrode,
beveled during preparation for 30 sec. The overgrowth still remained a prevalent
problem.
A careful manual abrasion cleaning method was used after the beveling
procedure to eliminate the amount of diamond grown along the quartz wall. Also, the
amount of beveling time was carefully tracked to correlate it to the shape of the
electrode. Figure 3.7 shows the film from the growth run with the updated growth
procedures and the manual wipe cleaning. Also, the beveling time was varied to create
different shaped electrodes. Figure 3.7a,b, beveled for 30 sec, resulted in a cylinder
shape. Figure 3.7c,d, beveled for 15 sec, resulted in a sphere shape. Figure 3.7e,f,
beveled for 5 sec, resulted in a disk shape.
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Figure 3.8: ESEM images of the reproducibility of the diamond growth technique at the
ends of hollow quartz capillaries. All grew as expected with specific beveling times and
have approximate diameters of 4 m. (a) An electrode beveled for 20 s resulting in a
sphere shape. (b) Beveled for 10 sec, the resulting electrode is between a disk and
sphere shape. This image is the back of the disk. (c) A cylinder shape resulted in beveling
the electrode for 25 sec. (d) A disk shaped electrode from beveling the electrode 5 sec.
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The geometric reproducibility of these electrodes was tested by several
additional growth runs. Each growth run resulted in the expected geometry, Figure 3.8.
The fabrication success rate from start of pulling to the finished desired shape was 80‐
90%, depending on student experience, which is a significant increase from 5‐35% for
the 30 m disk electrodes. Several undergraduate and high school students were
trained in the growth procedure to verify this success rate. The fabrication time is
significantly reduced because beveling time is reduced from an average of 20 min (for
the 30 m diamond disk electrodes) to an average of 10 sec (for the 4 m diamond disk
electrodes). Also, the success rate of pulling the quartz capillary increased by
approximately 75% after the removal of the tungsten wire. The remaining challenge for
the development of this electrode is to create an electrical connection through the
inside of the quartz capillary, leaving the insulation and diamond film intact.
3.4

Making an Electrical Connection
Filling the hollow quartz capillary on the inside with a conductive medium,

creating an electrical connection to the capillary tip (i.e. to the diamond film) was
necessary to create a functional diamond electrode. Three different techniques were
attempted to create an electrical connection: (1) Filling the capillary with a conductive
solution. (2) Printing a conductive ink on the interior of the capillary. (3) Electroless
deposition of copper inside the quartz capillary.
3.4.1 Filling the Capillary with a Conductive Solution
The first option to create an electrical connection was to fill the quartz capillary
with a conductive solution, 1 M KCl. However, the capillary, hollow on the inside and
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capped with diamond, would not enable the liquid to reach the tip. Trapped air
pressurized near the tip, deterring the liquid from filling past a certain point.
Next, three methods were attempted to wet the entire capillary with a
conductive solution. The first was heating the conductive solution at the untapered end
with a heat gun to encourage liquid flow to the tip. When vaporized, the liquid should
have replaced air by condensing at the tip; instead, crystals precipitated near the tip.
The crystal precipitate fractured the quartz capillary in several locations. In the second
method, the electrodes were pulled with a second capillary filament on the inside,
Figure 3.9, to encourage capillary action to the tip. This method caused more wetting
internally, but very close to the tip, the last 1 mm, remained dry. Finally, the quartz
capillary was pretreated with orthophosphoric acid to make the quartz capillaries more
hydrophilic.107 Before growth and pulling, the capillaries were soaked overnight in a
solution of 25% orthophosphoric acid. Afterwards, the resulting hydrophilic capillaries
were rinsed with distilled water and dried. The pulling, beveling, and diamond growth
continued as normal. After growth, the treated capillaries were filled with solution. The
conductive solution filled the entire capillary; however, many air bubbles remained at
the tapered end, which were large enough to block current flow. Every attempt to
remove the air bubbles resulted in shattering the diamond off the tip.
Overall, filling the quartz capillary with a conductive solution was unsuccessful.
Capillary action alone does not work when the tip of the capillary is capped off with
diamond, leaving no place for air at the tip to escape. The electrical connection must be
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Figure 3.9: Internal capillary to encourage fluid flow by capillary action to the tip of the
pulled quartz electrode.
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created before diamond growth for easier access to the tip. This electrical connection
must be able to withstand the diamond growth process, which includes temperatures to
approximately 950°C. Therefore, the focus shifted to plating a thin layer of metal inside
the capillary to create the electrical connection.
3.4.2 Printing the Inside of the Capillary with a Metal Ink
Tungsten and platinum inks were injected inside a quartz capillary in an attempt
to create an electrical connection. The ink was injected after pulling and beveling the
capillary but before diamond growth. After beveling, the quartz capillary tip was open,
and the ink flowed to the tip by capillary action.
Platinum ink (Electroscience, #5542) was thinned with heptanol and injected into
a pulled capillary. Figure 3.10 shows platinum ink (black) deposited on the inside of a
pulled quartz capillary wall (clear with a yellow tint). The ink did not completely plate
the capillary walls and thinned as the capillary tapered. Injecting platinum ink inside the
capillary was attempted several times on the same capillary; however, the platinum
coverage at the tapered region never increased. The main issue was that the average
particle size of the platinum ink suspension (20‐30 m) was too large for the tapered
capillary (<10 m), and a smaller premade platinum ink was unavailable.
Platinum ink was also injected inside a capillary before pulling. This deposition
was more uniform throughout the capillary. When the electrode was pulled, the
platinum that covered the quartz wall failed to stretch with the capillary, even at the
highest heat and slowest pull settings.
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Figure 3.10: Example of platinum ink (black and grey particles) printed inside a quartz
capillary (yellow and clear). As the capillary gets smaller, fewer platinum particles print
to the side of the wall. The particles are too large in ink or suspension form to plate at
the tip of the quartz capillary.

Table 3.2: Three formulas used for creating tungsten ink suspension systems.
Solution Formulas
#1

#2

#3

830

1

‐

1

α‐terpineol

1

‐

‐

TEOS

‐

1

1

Tungsten

1

2

1
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Developing a tungsten ink was explored since the particle size within the
platinum ink was too large. Three components were necessary to develop an ink: metal,
thinning agent, and binder. First, tungsten powder of particle size under 1 m was
obtained. Second, a thinning agent, typically heptanol or α‐terpineol, was used to
disperse the powder and thus to maintain flow in solution. Finally, a binder, or
combination of binders, was necessary to both bind the tungsten particles together and
bind the tungsten particles to the “printed” substrate surface.
Four binders were investigated in creating a tungsten ink, Aremco binder 643,
Aremco binder 643‐1, Aremco binder 830, and tetraethyl orthosilicate (TEOS). The
Aremco binders are designed for high‐temperature applications comparable to diamond
growth. Compatibility information between the binder and various metals was provided
by Aremco; however, Aremco did not have compatibility data for these binders with
tungsten. TEOS is a general quartz binder.
A glass slide was used initially to identify how well the tungsten bound to a
surface. Tungsten mixed with 643 and 643‐1 clumped and would not flow easily, but it
strongly bound to a glass slide. Even though these binders (643 & 643‐1) worked well,
the inks were too thick to insert into a capillary. Tungsten mixed with 830 flowed well
and would bind to a glass substrate. TEOS was another option, but the ink did not bind
well to a glass slide.
Tungsten inks made with TEOS, 830, and mixtures of these two binders were
injected into the capillary. Three formulas, specified with weight ratios, are reported in
Table 3.2. Solution #1, a 1:1:1 ratio of 830:α‐terpineol:tungsten filled the entire
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capillary; however, conductivity to the tip was not achieved. Solution #2, a 1:2 ratio of
TEOS: tungsten, filled the entire capillary, but the deposited tungsten did not bind well.
Solution #3, 1:1:1 ratio of 830:TEOS:tungsten, was too thick to inject into the capillary.
With the currently available binding materials and powders, a suspension could
not be uniformly plated inside of a pulled quartz capillary. The binder must be perfectly
mixed, thus producing a homogeneous suspension, must not clump with the powder,
and bind strongly to the surface. The ability to inject a metal ink into the pulled tip of a
capillary is determined by the average size of the suspended particles and the binder
effectiveness between metal particles and substrate. If the particle size is too large,
depositing inside a capillary with an O.D. under 5 m is unattainable. If the powder
dissolves into the binding solution, it can be easily carried uniformly to the tip.
3.4.3 Electroless Plating
A metal plating system was investigated because dissolved metal, utilizing
capillary action, could plate more uniformly near the tip. Extensive research has been
done on electroless plating of copper, which is the deposition of copper particles
through a solution media on a nonconductive surface.e.g.,108-116 The melting temperature
of copper, 1084°C,117 is just above the estimated temperature of our diamond growth
substrates, 950°C.
Electroless plating occurs in three stages and involves many chemicals to activate
the metal properly for deposition.115 The first stage is conditioning or roughening the
surface,115 typically by manual abrasion or dipping the desired sample into hydrofluoric
acid. Only the etched areas will be plated with the copper solution. After the first stage,
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the sample is rinsed in distilled water. The second stage is a nucleation or activation
stage, which involves dipping the sample into a tin (II) chloride (2 g/L) and palladium (II)
chloride (0.2 g/L) solution.115 Pure hydrochloric acid (10 mL/L) is added to make the
solution slightly acidic.115 Without rinsing, the sample is placed into the final solution for
autocatalytic or electroless plating. Copper is deposited directly onto the conditioned
and activated portions of the sample by the reaction shown in [Eq. 3.1].108-110
2

2

2

[Eq. 3.1]

The standard formula for electroless plating involves formaldehyde as a reducing
agent;113,115 however, a formula from literature using less‐toxic sodium hypophosphite
was chosen instead.108-112,115 Table 3.3 shows the various formulas attempted for
electroless plating of copper.108-112 The metal of interest was added to the solution as
copper sulfate. Sodium hypophosphite was the reducing agent.108,109 Nickel sulfate was
a catalyst to encourage copper plating on the surface.108,111-113 Boric acid acts as a
catalyst in nickel plating solutions, but its role in copper electroless plating is
unknown.113,116 Various complexing agents, sodium citrate, EDTA, and HEDTA, were
used to slow down the reaction kinetics and encourage smooth copper plating.108-113
Polyethylene glycol was used to encourage solubility of particles, and thiourea was a
catalytic accelerant.111-113 The solution pH was made basic with sodium hydroxide to
encourage the reaction, with a pH of 9.2 or 9.3.
Out of all seven formulas listed in Table 3.3, every attempt failed. To determine
which of the three stages was ineffective, two predictable substrates, a nickel bar and a
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Table 3.3: Seven formulas used in attempts to create a copper electroless plating bath.
Chemical
Copper Sulfate
Nickle Sulfate
Boric Acid
Sodium
Hypophosphite
Sodium Citrate
EDTA
HEDTA
Polyethylene
glycol
Thiourea
pH
T (°C)

Forumulas ‐ Concentrations listed (mM)
#3
#4
#5
#6
24
40
40
40
2
500 ppm
500 ppm
500 ppm
500
480
480
415

#1
40
500 ppm
480

#2
24
2
500

#7
200
500 ppm
415

120

270

270

120

120

120

120

‐
‐
80

52
‐
‐

‐
26
‐

‐
‐
40

‐
13
‐

‐
‐
20

‐
6
‐

200 ppm

‐

‐

‐

‐

‐

‐

1 ppm
9.3
70

‐
9.2
65

‐
9.2
65

‐
9.3
70

‐
9.3
70

‐
9.3
70

‐
9.3
70

Figure 3.11: X‐ray photoelectron spectroscopy (XPS) data of electroless plating of copper
on a nickel bar. The thin layer contained 13% copper.
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Figure 3.12: XPS data of electroless plating of copper on a printed circuit board. A thin
layer containing 19.4% copper was formed. The film was not conductive over the
complete printed area.

102

blank printed circuit board (PCB), were tested. Nickel, a catalyst in copper plating,
should readily plate copper without additional activation.113 Printed circuit board (PCB)
is the standard substrate used for electroless plating.113
Formula #7 from Table 3.3 resulted in the most promising deposition of copper
on both nickel and PCB. The atomic composition of the deposited copper film was
determined using x‐ray photoelectron spectroscopy (XPS) as 13.0% of copper on nickel
(Figure 3.11) and 19.4% of copper on PCB (Figure 3.12). Copper was only deposited as a
non‐uniform thin layer. The film on PCB was not conductive. Also, many impurities were
also deposited, including carbon, oxygen, boron, nickel, and tin. Based on these results,
the electroless plating from our custom electroless solutions was deemed ineffective
because complete copper coverage was never obtained.
A commercial formula to electrolessly plate copper without an activation or
nucleation stage was provided by LAM laboratories.114 The solution was injected in
quartz capillary, and a thick uniform copper film was deposited inside the capillary to
the tip. The copper‐plated quartz capillary was loaded into the reactor, and diamond
growth was attempted on the substrate. Impurities in the copper electroless plating
caused the copper to have a lower melting point than pure copper. The copper within
the capillary melted during the growth stage, causing a puddle to form at the base of
the holder. This caused the electrodes to float up out of the holder and break.
3.5

Conclusions
A reproducible procedure was created to grow diamond on hollow quartz

capillaries. A longer heat‐up and cool‐down procedure with slightly cooler growth
103

conditions eliminated melting and breaking of the capillaries during diamond growth.
The capillaries were cleaned by manual wipe using a damp kim wipe to ensure selective
growth on the tip. Three different shapes, cylinder, sphere, and disk, were created, and
these shapes were dependent on the beveling time. The reproducibility of the growth
procedure was high, with a success rate of 80‐90% from start to finish.
An electrical connection between the diamond disk and the external equipment
was not established, leaving the device non‐functional. Capillaries were filled with a
conductive solution after growth; however, the solution never reached the tip sealed
with the diamond film. Alternatively before growth, capillaries were filled with a
platinum ink and tungsten ink, but a uniform conductive film was never printed. Also
before growth, capillaries were electrolessly plated with copper, but the deposited
copper film melted in the reactor.
Additional investigation was needed to create an electrical connection between
the diamond film and external equipment. Internal deposition of a metal from a gas
phase, chemical vapor deposition, would work best since the molecules would be small
enough to reach the tip. With the appropriate conditions, this would also deposit
uniformly throughout the capillary. Preliminary studies in this direction are reported in
Chapter 6.
When functional, these electrodes would be advantageous for in vitro
measurements; however, they would remain too brittle for in vivo investigation. A
redesign with flexibility as the focus, was necessary to move into a behaving animal
environment, and is the subject of Chapters 4 and 5.
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4

Development of the First Generation in vivo Diamond Sensor
A first generation in vivo diamond sensor was developed and chronically

implanted into the Aplysia californica to verify long‐term electrical recording stability.
The flexible metal wire, leading to the diamond tip of the first generation device, was
able to withstand the animal movements over a long period of time. The device had a
production success rate from 35 to 60% with more experience. The first generation in
vivo diamond device was tested in an intact, behaving Aplysia californica for over one
week. Two successful implantations occurred on a buccal nerve to passively record
electrical activity up to 13 days post‐surgery.
4.1

Rationale: The Need for Flexibility
Only two types of diamond electrodes were previously reported for work in an in

vivo environment.6,57 They were used in anesthetized animals, and they were not
investigated as chronic sensors (over multiple days) or as sensors in freely behaving
animals. Of these two electrodes, only one was described as a flexible diamond sensor.6
Nanocrystalline diamond and other forms of carbon‐based devices have been exposed
to various biological environments to test for an interaction between the surface and
immune response, as described in Section 1.7, but the diamond devices were not
functional devices for chronic neural sensing.11,35,36,47,84,85 Diamond is theorized to be a
superior neural sensor and stimulator for chronic in vivo applications, as described in
Section 1.2, but a working electrical diamond device had never been evaluated
chronically in an intact, behaving animal.2,9,11,12,15,35,40-44,53,56,57
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The goal was to develop a diamond sensor that could withstand animal
movements and monitor neural activity. In this environment, diamond could be tested
as a chronic in vivo sensor. In addition, diamond and stainless steel, a standard material
for chronic passive electrical recording, were compared to determine if diamond is a
superior chronic recording device for neural electrical activity. This comparison was a
necessary milestone toward the eventual goal of combining electrical recording,
electrical stimulating, and neural‐chemical sensing.
4.2

Electrode Fabrication
The standard in vivo electrode used to hook onto nerves in Aplysia californica

was constructed by twisting together two enamel‐coated stainless steel 316 wires
(California Fine Wire), 25 m in diameter. Two wires were twisted together to reduce
the noise in the wires.48,98,99,118,119 These two twisted stainless steel wires were then
coated with silicone (GE, Silicone II). Stainless steel 316 has been used by many
researchers as a standard material for passive electrical recordings because of its
strength, light weight, and corrosion resistance.e.g.,48,98,99,118-124 Silicone was applied as
an additional outer insulating layer in case any cracking occurred in the enamel
insulation. At both ends of the wires, the silicone and enamel were stripped off for
establishing electrical contact. At one end, one of the terminals was shaped in a hook to
attach to a nerve, and the other terminal was placed out of the way as a recording
ground. At the other end, the external connection was completed by soldering male
gold pin connectors to the wire.
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Figure 4.1: Orientation of hook substrates (red) in the HFCVD reactor with the quartz
masked (yellow). The top of the hooks were placed 8‐10 mm from the filaments. The
quartz mask was meant to isolate diamond growth (blue film) to just the tip area.
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Figure 4.2: MicroRaman spectrum of the diamond film on the tungsten substrate. A
sharp sp3 (diamond) peak was observed with a broad sp2 (carbon) peak.
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Figure 4.3: A slow scan cyclic voltammogram of the diamond electrode. Lighter color is
used for the first scan. A large voltage window was observed, from ‐2.3 to +1.8 V vs.
Ag/AgCl. The inset shows a small baseline current, less than 5 nA.
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Figure 4.4: Schematic and optical images of the first‐generation in vivo diamond
electrode construction. (a) A schematic representation (not drawn to scale) of the final
first‐generation diamond electrode device. Stainless steel is exposed by stripping the
enamel insulation. (b) Diamond‐coated substrate is connected to the stainless steel
electrode using a silver epoxy. (c) Nail polish covers the silver epoxy and any remaining
exposed stainless steel. (d) No nail polish enamel is present at the tip of the hook, which
will be wrapped around the nerve.
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Boron‐doped polycrystalline diamond was deposited on a pre‐shaped hook and
loop electrodes using a capillary mask to isolate the diamond growth at the tip and
orient the substrate perpendicular with respect to the filaments, as shown in
Figure 4.1.48 Diamond was grown on these samples for 20 hrs at 2000°C with a 0.9%
methane‐to‐hydrogen ratio. The hook electrode shape was chosen to enable it to be
hooked around the nerve, and the loop shape was chosen for establishing a stable
ground so that the electrode would not grasp unwanted external tissue. In our early
work, hooks were also used as grounding wires, but they occasionally caught muscle or
tissue unexpectedly, causing adverse reactions from immune response and during
animal behavior. A tungsten wire, 50 m in diameter, was seeded by suspending it in an
ethanol based diamond slurry and sonicating it for 45 min. The tungsten wire was then
cleaned of any debris by sonication in ethanol for 15 min.48
After growth, Raman spectrum (Figure 4.2) and SCV (Figure 4.3) scans verified
the film quality. In Figure 4.2, the Raman spectrum shows a sharp sp3 peak relative to a
broad sp2 peak, verifying diamond growth at the hook region. In Figure 4.3, the SCV
shows a large voltage window (‐2.3 to +1.7 V vs. Ag/AgCl) and a small base line current
(<10 nA, Figure 4.3 inset).
Figure 4.4a shows a schematic of the final construction of the first generation in
vivo diamond electrode device.48 Although developed independently, the final
construction of the first generation in vivo electrode is very similar to a previously
developed device.11,56,57 Diamond growth embrittled the tungsten substrate, which
subsequently would not withstand animal movement. The diamond was broken in the
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uncoated region (at the boundary set during the diamond growth by the quartz mask),
and the diamond‐coated hook or loop retained. The isolated diamond coated section
was attached to a standard exposed stainless steel wire using a silver conductive epoxy
(WPI). Figure 4.4b shows an image after the epoxy was cured at 150°C for 30 min. The
silver epoxy, with any additional exposed stainless steel wire, was coated with nail
polish enamel and cured overnight at room temperature, Figure 4.4c. The hook
remained the only exposed conductive section of the final device, Figure 4.4d.
The first‐generation electrode was compared to the standard in vivo electrode
for the Aplysia, a stainless steel hook electrode.98,118,119 The standard in vivo electrode
acted as a control verifying recordings obtained during animal movements.48 A
resistance measurement was taken along the length of the electrode to confirm a viable
electrical connection. After construction, diamond electrode’s resistance from the hook
to the gold connector was 400Ω. A standard stainless steel (control) electrode’s
resistance was measured from the hook to the gold connector as 363 Ω.48
4.3

Animal Model and Methods
Aplysia californica was an excellent model for determining the mechanical

stability and recording capability of our device. Aplysia can lengthen and shorten its
body significantly relative to its resting, relaxed state. Its complex movements required
the electrode to tolerate greater mechanical stresses than those that exist in vertebrate
systems.
The feeding behaviors of Aplysia have been studied; the neural patterns
associated with ingestion behaviors have been previously identified.e.g.,48,98,99,103,118,119 A
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diamond electrode and a stainless steel electrode were implanted on BN2, which
innervates the I1/I3 muscle complex.98,103,118,119 The activity on BN2 was externally
visible by the retraction of the grasper (radula/odontophore).98,118,119 This externally
visible activity provided an extra control to verify that the implanted device was
functional. Whenever retraction occurred and the electrodes were functional, BN2
activity was recorded. BN2 was also an easily identifiable nerve relatively near the
incision site.
The surgical technique was similar to a previously developed method for
implanting standard in vivo hook recording electrodes.48,98,118,119 An incision was made
one inch to the left of the left eye, and opened using anchored hooks, exposing BN2.
The nerve was lifted and hooked by a diamond hook electrode (test) and a stainless
steel electrode (control). The electrodes were pulled to tension and glued onto the
nerve with a drop of superglue (Duro Quick Gel; see Figure 4.5). The electrodes were
then encased in Kwik‐Sil silicone (WPI) so that both electrodes were encased in the
same glue assembly.
After surgery, the animal was isolated in a salt water tank to recover. The first
day after surgery was counted as Day 1. Each day, nerve recordings were taken using a
differential AC amplifier (A‐M Systems, Model 1700) and a digital‐to‐analog converter
(Axon Instruments, DIGIDATA 1322A) set to a gain of 10K and low and high frequency
cut offs of 100 Hz and 1,000 Hz, respectively.
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Figure 4.5: Left: Top view of the implantation of the diamond and stainless steel
electrodes. The diamond hook and stainless steel electrode were wrapped around the
nerve, BN2, before gluing the electrodes in place. Right: A schematic to aid in the
visualization of the position of the recording electrodes with respect to BN2. The lighter‐
shaded regions of the electrodes in the schematic indicate regions wrapped under the
nerve.
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For each recording, the noise root mean square (noise RMS) [Eq. 4.1] and the
signal‐to‐noise ratio (SNR) [Eq. 4.2] were calculated. Signals for the SNR calculation were
considered if the threshold for the signal was at least six times the RMS value.125 Only
swallow behaviors were used in the calculation for the first in vivo implantation because
they produced the largest signal on BN2. The second implantation was synced to video
recording to determine which signals were bites and which were swallows. Each action
in the second implantation was analyzed separately.
∑
̅

[Eq. 4.1]

√

[Eq. 4.2]

.

.

[Eq. 4.3]
[Eq. 4.4]

The noise RMS and SNR values were normalized by taking the ratio of the
diamond to stainless steel signal, respectively [Eq. 4.3] and [Eq. 4.4]. Statistical
significance was attributed to changes in the observed signal, only after normalizing the
calculated values. The normalized SNR was within ±0.1 on any given day for all
detectable signals regardless of the set signal threshold and the behavior observed. Any
change in the normalized data greater than ±0.2 was investigated as being statistically
significant using an ANOVA fit. A normalized RMS value greater than 1 indicated that
diamond had higher noise than the control; a normalized SNR greater than 1 indicated
that diamond had stronger signals than the control.
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4.4

First Successful in vivo Implantation Results and Analysis
For the first implantation, a 370 g animal was anesthetized using 35 mL MgCl2

and placed on ice for 50 min. (Surgery conducted by Miranda Cullins). The Kwik‐Sil
would not cure (dry) during surgery because of the ice‐cold environment, so the silicone
was coated with superglue. After the superglue cured, the animal was sutured closed.
4.4.1 Results from the First Implantation
Nerve recordings from BN2 were measured during feeding behavior on Days 4‐8
post surgery at both electrodes. As is often the case, the animal did not recover
sufficiently to feed until 4 days after surgery, when the first recording was obtained,
Figure 4.6. A one‐to‐one relationship of the action potentials was observed on diamond
and stainless steel on Day 4, Figure 4.6. A significant decrease in recorded signal was
observed from Days 5‐7 post surgery. A recording from Day 6 shows a one‐to‐one
relationship still remained between the two recording electrodes, Figure 4.7. Day 8
showed an increase in recorded amplitude on both electrodes, Figure 4.8. A one‐to‐one
relationship remained, verifying that both electrodes worked on the last day of
recording. These recordings occurred during swallows of seaweed, a behavior that
produces the largest signal on BN2. Overall, the data demonstrate that our electrode
design was acceptable for passive in vivo recordings.48
The diamond implant remained in the animal for a total of 28 days. Visual
inspection of the electrode after it was removed determined that it remained intact.
Thus, the electrode was flexible enough to withstand the movements of the animal over
four weeks.48
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Figure 4.6: Day 4 post surgery in vivo recordings obtained by diamond and stainless steel
electrodes on BN2 of the 1st successful implantation. Bottom: Expanded view showing a
one‐to‐one recorded relationship.
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Figure 4.7: Day 6 post surgery in vivo recordings obtained by diamond and stainless steel
electrodes on BN2 of the 1st successful implantation. Bottom: Expanded view showing a
one‐to‐one recorded relationship.
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Figure 4.8: Day 8 post surgery in vivo recordings obtained by diamond and stainless steel
electrodes on BN2 of the 1st successful implantation. Bottom: Expanded view showing a
one‐to‐one recorded relationship.
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Figure 4.9: The calculated noise RMS of diamond and stainless steel electrodes is shown
as a function of days post surgery for the first implantation. Although both baseline
signals increased, stainless steel consistently had higher noise levels than diamond, and
stainless steel noise increased at a faster rate than diamond.
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Figure 4.10: The calculated SNR of diamond and stainless steel is shown as a function of
the days post‐surgery for the first implantation. Diamond consistently had a higher SNR
then stainless steel, although diamond had a reduction in SNR after Day 4.
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Figure 4.11: Normalized noise RMS data, for the first implantation, created by taking a
ratio of diamond noise RMS to stainless steel noise RMS. Day 4 shows diamond having
equivalent noise to stainless steel. Days 5‐8 show diamond having significantly lower
noise than stainless steel. (*, p<0.01, using ANOVA compared to unmarked Days).
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Figure 4.12: Normalized SNR data, for the first implantation, by taking the ratio of
diamond SNR to stainless steel SNR. Diamond had a significantly larger signal than
stainless steel on all Days 4‐8. Diamond had a significant change in the normalized SNR
from Day 4 to Day 5, and another significant change in SNR from Day 5 to Day 6‐8.
(*, p<0.001, using ANOVA compared to unmarked Days 5‐8) (**, p<0.001, using ANOVA
compared to Days 6‐8).
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4.4.2 Analysis of the First Implantation
Analysis of these recordings was conducted for Days 4‐8 post surgery. The noise
on both the diamond and stainless steel electrodes gradually increased over time,
Figure 4.9. The stainless steel noise increased between Day 4 and Day 5. Diamond also
had a larger SNR through Day 8 compared to the stainless steel control electrode,
Figure 4.10. Diamond’s SNR decreased from Day 4 to Day 5; however, stainless steel’s
SNR remained relatively constant over the 5‐day recording period.
The noise RMS and SNR was normalized by taking the ratio of diamond to
stainless steel. The normalized data clearly indicated how the diamond (test) electrode
varied relative to the control. Diamond had comparable noise to the control on Day 4,
Figure 4.11, but had significantly less noise than the control on Days 5‐8 (p<0.01).
Diamond had a significantly higher signal than the control on all days recorded,
Figure 4.12. Day 5 was significantly different than Day 4 and Days 6‐8 (p<0.001), which
indicated that the signal recorded by diamond was diminishing faster than the signal
recorded by the control electrode.
4.5

Second Successful in vivo Implantation Results and Analysis
The second in vivo implantation involved some minor changes to the electrode

fabrication procedure. Diamond was grown on 52.5% molybdenum/47.5% rhenium
(w/w) alloy with a distance of 11 mm from the filaments to the top of the hook
substrate. The control, a stainless steel electrode, was prepared in the same fashion as
the diamond electrode by breaking the hook end and reattaching it with a silver epoxy.
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There were also minor changes to the second in vivo implantation procedure. A
290 g animal was used with an MgCl2‐only anesthetization (100 mL of MgCl2). Ice was
placed over the tail section of animal after Kwik‐Sil silicone application to ensure
minimal movements of the animal during the surgery, but the entire animal was not
placed on ice for an extended period of time. Because surgical conditions were not ice
cold, the Kwik Sil cured, making the last coating of superglue unnecessary. It was
thought that the superglue caused an increased immune response, decreasing the
success of surgery.
In the second in vivo implantation, BN2 was fused to BN3 and could not be
located. Both electrodes were still encapsulated in the same glue structure on buccal
nerve 1 (BN1). The functionality of BN1 has never been fully studied, but BN1 may
control pharyngeal tissue of the buccal mass.126
4.5.1 Results from the Second Implantation
The animal recovered quickly, producing biting behavior on Day 1 post surgery.
The animal successfully grasped food and swallowed on Day 3 post surgery. Recordings
continued through Day 12; the electrodes fell out of the animal through the suture on
Day 13. Electrical recordings were synced with video recordings to confirm the behavior
of the animal.
A one‐to‐one relationship was observed on all electrical recordings, including
biting and swallowing behavior, on Days 1‐12 post surgery. On Day 1 (Figure 4.13)
multiple units are clearly observed on both electrodes. Day 4 (Figure 4.14), Day 6
(Figure 4.15), and Day 8 (Figure 4.16) recordings had larger amplitudes on both
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electrodes than for the recordings from the first successful surgery. As expected, the
largest unit on BN1 was present during both biting and swallowing behavior, and the
frequency in action potentials was higher during swallowing behavior than biting
behavior. On the last day of recording, Day 12, the signal diminished significantly on
both electrodes, Figure 4.17, and only the largest unit was observed.
4.5.2 Analysis of the Second Implantation
The analyses of these recordings were conducted for Days 1‐12 post surgery. The
noise RMS calculation was determined from randomly selected intervals, 5 sec or more,
of recorded noise. The noise RMS for both electrodes appeared to be increasing from
Days 1‐7 post surgery, Figure 4.18, followed by a sudden drop in noise from both
electrodes, Day 8. The noise for diamond was comparable to stainless steel except for
Days 3, 5‐7 when the noise for diamond was larger and Day 12 when the noise for
stainless steel was larger.
The SNR for the second implantation was calculated from five randomly selected
bites and five randomly selected swallows, with the behavior based on video recording.
The SNR for bites (Figure 4.19) and swallows (Figure 4.20) followed the same trend, yet
swallows had a slightly lower SNR. On Days 1‐2, the animal bit a couple of times but did
not stay interested long enough to grasp food. A slight increase in SNR was seen on
Days 1‐3, probably related to the animal still recovering from surgery. Excluding Day 8, a
decrease was observed in SNR on Days 3‐12. An increase in SNR was observed on Day 8,
related to the decrease in noise RMS on the same day. Diamond appeared to have a
slightly lower SNR on all days except Day 12.
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Figure 4.13: Day 1 post surgery in vivo recordings obtained by diamond and stainless
steel electrodes on BN1 from biting behaviors of the second successful implantation.
The time duration displayed is based on behavior from video. Bottom: Expanded view
showing a one‐to‐one recorded relationship.
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Figure 4.14: Day 4 post surgery in vivo recordings obtained by diamond and stainless
steel electrodes on BN1 from biting and swallowing behaviors of the second successful
implantation. The time duration displayed is based on behavior from video.
Bottom: Expanded view showing a one‐to‐one recorded relationship.
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Figure 4.15: Day 6 post surgery in vivo recordings obtained by diamond and stainless
steel electrodes on BN1 from biting and swallowing behaviors of the second successful
implantation. The time duration displayed is based on behavior from video.
Bottom: Expanded view showing a one‐to‐one recorded relationship.
129

Figure 4.16: Day 8 post surgery in vivo recordings obtained by diamond and stainless
steel electrodes on BN1 from biting and swallowing behaviors of the second successful
implantation. The time duration displayed is based on behavior from video.
Bottom: Expanded view showing a one‐to‐one recorded relationship.
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Figure 4.17: Day 12 post surgery in vivo recordings obtained by diamond and stainless
steel electrodes on BN1 from biting and swallowing behaviors of the second successful
implantation. The time duration displayed is based on behavior from video.
Bottom: Expanded view showing a one‐to‐one recorded relationship.
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Figure 4.18: The calculated noise RMS of diamond and stainless steel is shown as a
function of the days post surgery for the second implantation. Greater noise is observed
on diamond compared to stainless steel for Days 3 and 5‐7; however, greater noise is
observed on stainless steel compared to diamond for Day 12.
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Figure 4.19: The calculated SNR for biting behavior of diamond and stainless steel is
shown as a function of the days post surgery for the second implantation. The SNR
peaks for both electrodes at Day 2 and slowly decreases until Day 7. A significant jump
in SNR was observed for Day 8. Stainless steel had a slightly larger SNR on all days
except Day 12.
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Figure 4.20: The calculated SNR for swallowing behavior of diamond and stainless steel
is shown as a function of the days post surgery for the second implantation. The SNR
peaks for both electrodes at Day 2 and slowly decreases until Day 7. A significant jump
in SNR was observed for Day 8. Stainless steel had a slightly larger SNR on all days
except Day 12. The overall SNR of swallowing behavior was slightly lower than the SNR
for biting behavior.

134

1.3
*

Normalized Noise RMS

1.2
1.1
1.0
0.9
**

0.8
0.7
1

2

3

4

5

6

7

8

12

Days Post Surgery
Figure 4.21: Normalized noise RMS data, for the second implantation, created by taking
the ratio of diamond noise RMS to stainless steel noise RMS. Diamond has equivalent
noise to stainless steel except Day 5 and Day 12. Day 5, diamond has significantly higher
noise than stainless steel. Day 12, diamond has significantly lower noise than stainless
steel. (* and **, p<0.001, using ANOVA compared to unmarked Days).
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Figure 4.22: Normalized SNR data, for the second implantation, created by taking the
ratio of diamond SNR to stainless steel SNR. Signal measured by diamond is equivalent
to stainless steel for Days 2‐4. Days 1, 5‐8, stainless steel has a significantly higher SNR
than diamond. Day 12, diamond has a significantly higher SNR than stainless steel.
(* and **, p<0.001, using ANOVA compared to unmarked Days).
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The normalized data show that many of the variations in recorded noise and
signal were independent of the ratio of the diamond (test) electrode to the control
electrode. Diamond had comparable noise to the control on Days 1‐4 and 6‐8,
Figure 4.21. Diamond had significantly more noise than stainless steel on Day 5
(p<0.001) and significantly less noise than stainless steel on Day 12 (p<0.001).
The normalized SNR was evaluated, Figure 4.22, to determine if diamond had a
larger recorded signal than stainless steel. The normalized SNR was independent of
animal behavior and the threshold to determine signal. The recorded signal on diamond
was equivalent to stainless steel on Days 2‐4. The recorded signal on diamond was
significantly smaller than stainless steel on Days 1, 5‐8 (p<0.001) but significantly larger
than stainless steel on Day 12 (p<0.001). Based on these data, stainless steel appears to
be a better electrode except on the last day.
4.6

Electrode Connection to External Equipment
The connection between the external equipment and the electrode was

investigated as a possible cause for the significant change in recorded noise and signal
over multiple days. The diamond and stainless steel electrodes were attached to
external equipment by soldering the end of the electrode to two male gold pins,
Figure 4.23. These two pins, one for the hook electrode and the other for the ground,
were held together using paper tape. In between recordings, the gold pins were
inserted into Styrofoam and floated at the top of the isolated tank, immersing these
gold pins and paper tape in sea water.
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Paper tape absorbs the sea water, and if not properly dried, can result in
changes in the recorded signal. The orientation of the pins while drying could also
change the drying profile (i.e., pins oriented horizontally dry more slowly than pins
oriented vertically). Depending on how the pins dry, salt crystals can remain on the
tape, forming a salt bridge between the recorded and ground pins, thereby reducing the
recorded signal at that individual electrode. The recorded signal significance could have
been caused by changes in the drying of the paper tape and male gold pins instead of
the actual material difference of the electrodes.
The male gold pin connectors were tested by introducing the stainless steel male
gold pins to five environments while leaving the diamond male gold pins connected as a
control, Figure 4.24. (1) The “normal” condition was when both sets of gold pins were
dried in air for two hours, Figure 4.24a. The gold pins for the stainless steel electrode
were then removed, (2) dipped into sea water for 2 sec, and reattached. The recorded
signal from biting behavior on stainless steel dropped significantly, Figure 4.24b,
consistent with an electrical short forming through the liquid. (3) Afterwards, the gold
pins were dried with a kim wipe and the amplitude of the action potentials returned to
“normal” condition, Figure 4.24c. Then, (4) the gold pins for the stainless steel electrode
were removed, dipped in distilled water for 2 sec., and reattached. No biting occurred,
so only non‐behavior recordings were obtained during this section. Finally, (5) the male
gold pins for the stainless steel electrode were dried off with a kim wipe, and the
recorded signal was found comparable to all three dried cases for biting behavior,
Figure 4.24d.
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Figure 4.23: Schematic, not drawn to scale, of the male gold pin connectors held in place
by paper tape (blue). The solder (grey) connects the gold pins to the stainless steel wire
(orange). The tape is added as extra mechanical stability for the soldering joint.
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Figure 4.24: Electrical recording data from testing the male gold connector contact to
external equipment. Diamond, the control, was not removed from the female contact.
(a) Voltage recorded after drying both contacts in air for 2 hrs. (b) The stainless steel
contact was dipped in artificial sea water. A significant reduction in the stainless steel
recording was observed. (c) The stainless steel contact was dried with a kim wipe, and
the signal returned. (d) The stainless steel contact was dipped in distilled water and
dried with a kim wipe.
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Figure 4.25: The noise RMS value calculated for diamond and stainless steel while
testing the male gold pin electrical contact. Diamond was the control and not removed
from the female contact. Normal: Both contacts were dried in air for 2 hrs. Next, the
stainless steel contact was dipped in artificial sea water. A significant reduction in the
stainless steel noise RMS was observed. Then, the stainless steel contact was dried with
a kim wipe to return the noise RMS to normal. Then, the stainless steel contact was
dipped in distilled water, and a minor reduction in noise RMS was observed. Finally, the
stainless steel was dried again with a kim wipe. The final noise RMS was slightly lower
than the initial value.

141

Diamond
Stainless Steel

SNR

60.0

40.0

20.0

0.0
Normal

Dipped in sea Dried after
water
dipping in
sea water

Dipped in
distilled
water

Dried after
dipping in
distilled
water

Figure 4.26: The SNR value calculated for diamond and stainless steel while testing the
male gold pin electrical contact. Diamond was the control and not removed from the
female contact. Normal: Both contacts were dried in air for 2 hrs. Next, the stainless
steel contact was dipped in artificial sea water. A significant reduction in the stainless
steel SNR was observed. Then, the stainless steel contact was dried with a kim wipe to
return the SNR to normal. The stainless steel contact was dipped in distilled water, and a
reduction in the SNR was observed; however, this was for non‐biting behavior leading to
smaller overall signals. Finally, the stainless steel was dried again with a kim wipe. The
final SNR was equivalent to the starting SNR.

142

*

Normalized Noise RMS

1.9
1.7
1.5
1.3
1.1
0.9
0.7
0.5
Normal

Dipped in sea Dried after
Dipped in
water
dipping in sea distilled
water
water

Dried after
dipping in
distilled
water

Figure 4.27: Normalized noise RMS data (created by taking the ratio of diamond noise
RMS to stainless steel noise RMS) acquired while testing the male gold connector
contact. Diamond was the control and was not removed from the female contact.
Stainless steel was dried in air for two hours, dipped in sea water, dried with a kim wipe,
dipped in distilled water, and then dried again. The normalized noise RMS was
equivalent for all cases except when the stainless steel was dipped in sea water. A
significant increase in the noise of diamond compared to stainless steel was observed.
(*, p<0.005, using ANOVA compared to unmarked tests).
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Figure 4.28: Normalized SNR data (created by taking the ratio of diamond SNR to
stainless steel SNR) acquired while testing the male gold connector contact. Diamond
was the control and was not removed from the female contact. Stainless steel was dried
in air for two hours, dipped in sea water, dried with a kim wipe, dipped in distilled
water, and then dried again. The normalized SNR was equivalent for all cases except
when the stainless steel was dipped in sea water. A significant increase in the signal
obtained by diamond compared to stainless steel was observed. (*, p<0.001, using
ANOVA compared to unmarked tests).
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Noise RMS was calculated for the recorded signal from diamond electrodes
(control) and stainless steel electrodes (test) for all five states of the male gold pins,
Figure 4.25. Diamond was not disconnected from the pins during these tests, yet a wide
range of noise RMS was obtained (1.2 ± 0.2). A decrease in noise was observed in
stainless steel after the pins were dipped in sea water. A noise reduction was expected if
an electrical short exists between the two pins. The noise level increased on stainless
steel when male gold pins were dried off and remained constant for the rest of the
experiment.
SNRs were calculated for the recorded signal by diamond electrodes (control)
and stainless steel electrodes (test) for all five states of the male gold pins, Figure 4.26.
Diamond was not disconnected from the pins, yet a wide range of SNR (20‐40) was
observed. A reduction of the signal recorded at stainless steel was observed after the
male pins were dipped in sea water. The largest signal obtained by stainless steel was
after sea water was dried off of the gold pins with a kim wipe. No biting behavior was
observed after the stainless steel electrode pins were dipped in distilled water, causing a
reduction in signal for both diamond and stainless steel. Finally, recorded signal by
stainless steel was recovered after distilled water was dried off the pins with a kim wipe
and biting behavior was observed.
The normalized noise RMS and SNR indicate that a salt bridge formed after the
pins were dipped in sea water. The normalized noise RMS shows that the ratio of
diamond to stainless steel remained constant for all cases except after the pins were
dipped in sea water, Figure 4.27. A significant decrease in noise was observed on the
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stainless steel electrode (p<0.005). Similarly, the normalized SNR shows that a ratio of
diamond‐to‐stainless steel also remained constant for all cases except after the pins
were dipped in sea water, Figure 4.28. Again, a significant decrease in signal was
observed on the stainless steel electrode (p<0.001). These data indicate that a salt
bridge shorted the signal on stainless steel when the gold pins were wetted with sea
water, and a salt bridge on the gold pins or paper tape could significantly alter the
electrical recordings.
4.7

Conclusions
A first‐generation diamond electrode was created that was capable of

withstanding the complex movements of an Aplysia californica. Although developed
independently in our laboratory, the electrodes were similar to those previously
reported.11,56,57 The unique aspects of this device were the use of a 25 m stainless steel
wire as the connection instead of thicker copper wire and nail polish insulation instead
of glass or polyethylene. The stainless steel lead on our diamond‐based device was
flexible.
Behaviorally‐induced electrical recordings were obtained from two separate
animals at diamond and stainless steel electrodes during bites and swallows, up to Day 8
for the first animal and up to Day 12 for the second. Both the diamond electrode (test)
and the stainless steel electrode (control) failed to record on the same day for both
surgical animals. The electrode recording failure may have been due to nerve damage or
surgical glue failure; there was no evidence of damage to either electrode after they
were surgically removed post recording.
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The noise RMS varied between days, and the SNR was dependent on the
behavior observed and the threshold set. Normalized noise RMS and SNR were used to
determine the statistical significance of the differences between the recordings of the
two materials. The normalized noise RMS and SNR from the first animal suggested that
diamond may perform better; however, the normalized values from the second animal
indicated stainless steel may perform better, except for the last day. It is possible that
diamond is a similar or better material for chronic electrical recording, but other
variables could lead to the significant changes in recording that were observed.
One variable that could lead to a difference in the normalized SNR was the
connection to external equipment through the gold pin connectors. This connection was
investigated and found to be significant in the measuring of signal and noise. If the
paper tape is wet or a salt bridge forms, a minor short could form, reducing the overall
signal observed.
The in vivo electrical recordings demonstrated that the diamond electrode was
effective as a chronic recording electrode during animal behaviors. Additional
implantations with appropriate controls are underway to provide a higher statistical
yield (i.e., multiple animals), so as to determine whether diamond would be a more
effective chronic sensor than stainless steel. A way to isolate the paper tape from the
sea water environment is being investigated to reduce the salt bridge formation. In
addition, a second‐generation electrode that does not require an epoxy connection was
developed and will be discussed in the next chapter (Chapter 5).
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5

Second Generation in vivo Electrode:
Diamond Grown on a Flexible Substrate
A second generation in vivo diamond device was fabricated with a flexible

substrate, and bench‐top tests were conducted. In the development of this new device,
two metal alloys, 52.5% molybdenum/47.5% rhenium (v/v) and 75% tungsten/25%
rhenium (v/v), were investigated as substrates for diamond growth. Scanning electron
microscopy (SEM), microRaman (Raman) spectroscopy, and slow scan cyclic
voltammetry (SCV) were used to confirm the quality of diamond film grown on these
substrates. After diamond growth, the substrates’ bend‐to‐fracture rotation in uncoated
diamond regions was compared to tungsten, a traditional substrate. The flexibility was
confirmed by investigating cross sectional images of the samples. Diamond hook
electrodes made in this fashion were tested in vitro to confirm their capability for
electrical recording.
5.1

Rationale ‐ The Need for a Single Wire
A major problem in the fabrication of the first generation device was the

substrate becoming brittle during growth conditions.48 The first generation in vivo
diamond device was grown on tungsten, which carburized during growth.12,48,127-131
Because of the carbide formation on tungsten, it was unable to withstand animal
movements. The electrode, therefore, needed to be broken after diamond growth and
attached to a flexible substrate to make the device functional in an in vivo setting.48,56,57
The production time of these electrodes was high, around 12 hrs, and fabrication
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success was low, 35%‐60%. A faster and more consistent way to fabricate in vivo
diamond devices was necessary for mass production.
A substrate that remained flexible after the diamond growth process would solve
these problems. Diamond is traditionally grown on substrates that form a brittle carbide
layer;12,15,21,29,38,48,56,57,127-130 however, diamond has been shown to successfully grow on
non‐carbide surfaces.19,29,132-141 If these surfaces remained flexible after diamond
growth, it would be unnecessary to break and reattach the substrate. The final diamond
device could be an intact single wire. By removing the complicated and delicate
procedure of breaking and reattaching the electrode, an increase in reproducibility and
a decrease in production time was expected.
Various substrates were investigated that would remain flexible after growth.
Although the diamond film was not expected to be flexible, uncoated regions of the
substrate might remain flexible after the diamond growth process.
5.2

Materials Background: Approach to the Problem
Traditional

substrates

platinume.g.,2,3,11,20,25,28,30,54,145-147,

for

diamond

growth

(e.g.,

silicone.g.,20,34,142-145,

tungstene.g.,4,5,12,20,40-44,48,49,53,56,57,145,

titaniume.g.,20,22,31,145,148,149, and tantalume.g.,20,145) form a brittle carbide layer. The
carbide formation reduces stress in the deposited diamond film by compensating for the
lattice mismatch between the metal and diamond.20,22,31,144 Typically during diamond
growth, three layers are deposited on the substrate: substrate‐carbide, carbide‐
diamond, and diamond film (Figure 5.1).12,31 This transition of material states reduces
the overall stress in the diamond film and increases the adhesion of the diamond to the
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substrate.31,144,147 However, the carbide layers embrittle the substrate, even in uncoated
(with diamond) regions. The substrate, after growth, is unable to withstand any shear
(normal or bending) stress.
Hydrogen embrittlement of the substrate can also occur through the embedding
of atomic hydrogen into the metal lattice structure.150,151 This is caused by the high
concentrations of atomic hydrogen necessary in growth of diamond. The atomic
hydrogen causes bond hybridization with the metal bands at the expense of the metal‐
metal atom bonding.152
Diamond grown on copper and rhenium has not resulted in carbide interfacial
layers.19,29,132,134-137,139,140 Rhenium has the same hexagonal crystal structure as the
carbide (i.e., tungsten carbide’s crystal structure is hexagonal, hp2), making it an
appealing option for diamond growth.153 Copper substrates, with a face‐centered cubic
crystal structure, are coated with a more highly stressed diamond film.19,29 The resulting
diamond film quality on copper tended to be lower due increased crystal
mismatch.135-137 Several publications of diamond grown on rhenium gaskets for high
pressure applications reported high quality diamond growth with no delamination.132,140
Shear stresses, often common during animal movements, were not applied to the
substrate surface. Thus, delamination of diamond films after an application of a shear
stress was not reported.
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Figure 5.1: The transition of material phases from substrate to diamond film, for
diamond films grown on traditional substrates. Two transitional layers exist to reduce
the stress in the diamond film, metal‐carbide and carbide‐diamond.
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Figure 5.2: Raman spectra of a diamond film grown on a copper wire. Besides a sharp
sp3 (diamond) peak, a large broad sp2 (graphite) peak was indicative that the diamond
film was of low quality.
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Figure 5.3: ESEM images of diamond grown on rhenium. (a) Several holes exist in the
film. (b) A thick layer was grown but the diamond cracked from film stress. The film
delaminated after application of a shear stress.
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Figure 5.4: Raman spectrum of a diamond film grown on rhenium. A sharp sp3 (diamond)
peak is observed with almost no sp2 (carbon) content.
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5.3

Growth on Copper and Rhenium Wires
Both rhenium and copper wires were investigated as possible substrates for

diamond growth. They were placed in the reactor at typical diamond growth conditions,
described in Section 2.3, for a 24 hr growth time, 2000°C filament temperature, and an
8 mm filaments‐to‐substrate distance.
The diamond film grown on a 250 m diameter copper wire was thin and
discontinuous. Raman spectroscopy confirmed low quality of the diamond film; a strong
sp3 (diamond, 1332 cm‐2) peak was observed with a strong and broad sp2 (graphite,
1550 cm‐1) peak (Figure 5.2). The copper remained flexible after growth, bending over
90°, but the diamond readily delaminated after a nominal shear stress application.
The diamond grown on rhenium was thicker and more uniform than the
diamond grown on copper. ESEM images of two separate growth runs on 250 m
diameter rhenium wire substrates are in Figure 5.3. Figure 5.3a shows holes in the
diamond film. Figure 5.3b shows a crack in a thick diamond film. The film readily
delaminated upon the application of a shear stress. Raman spectra of these films,
Figure 5.4, confirmed that the diamond grown was higher quality than the diamond
grown on copper; a strong sp3 peak with almost no sp2 peak was observed.
5.4

Growing on Rhenium Alloys
Rhenium alloys were explored as a new substrate that would remain flexible

after growth while having strong film adhesion. Rhenium, an effective substrate for
flexibility after growth, was combined with a traditional metal, an effective substrate for
bond strength (adhesion) to the diamond film. Three rhenium alloys (Rhenium Alloys,
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Inc.) were examined: 52.5% molybdenum/47.5% rhenium v/v (Mo/Re), 75%
tungsten/25% rhenium (W/Re), and 97% tungsten/3% rhenium (W/3Re).154
The phase diagrams for these alloys indicated that carbide formation and phase
separation is possible, but phase diagrams at our growth conditions and in atomic
hydrogen environments are unavailable. The alloyed substrate could become embrittled
if a thick enough carbide layer forms. The Mo/Re/C phase diagram at 1500°C (Figure 5.5)
shows a stable region at Mo0.5Re0.5C0.4;155 however, the carbide region at 1400°C shifts
to Mo0.7Re0.3C (Figure 5.6).156 Minimal phase separation is evident at both
temperatures.155,156 The W/Re/C phase diagram (Figure 5.7) shows a possible (Re)/W2C
phase transformation at 1500°C.157,158 The W/Re/C phase diagram shows that phase
separation could occur if enough carbon absorbs into the near surface region.157,158 With
phase diagrams at growth conditions unavailable, carbide formation can only be
postulated. Yet, it is reasonable to hypothesize that W/3Re and W/Re might form a
carbide layer, but Mo/Re would not form a carbide layer.
In addition to carbide formation, another possible source of embrittlement could
be atomic hydrogen, which can absorb into most metals, permanently altering the
crystal structure.150,151,159 The various substrates from Rhenium Alloy, Inc., as part of
their standard processing, were annealed at 1600°C under molecular hydrogen and
remained ductile; however, the effects of annealing with atomic hydrogen have not
been investigated.153,154
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Figure 5.5: Mo/Re/C phase diagram taken at 1500°C. With enough embedded carbon at
this temperature, our Mo/Re samples would form a carbide layer, Mo0.5Re0.5C0.4.
Reprinted with permission from ASM International ©2006.
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Figure 5.6: Mo/Re/C phase diagram taken at 1400°C. With enough embedded carbon at
this temperature, our Mo/Re samples would not form the carbide layer, Mo0.7Re0.3C.
Reprinted with permission from ASM International ©2006.
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Figure 5.7: W/Re/C phase diagram taken at 1500°C. With enough embedded carbon at
this temperature, our W/Re samples would not form the carbide layer, (Re)/W2C.
Reprinted with permission from ASM International ©2006.
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5.4.1 Fabrication Procedures for the Second‐Generation in vivo Electrode
Substrates were manually shaped into hooks and seeded for diamond growth by
sonication in a diamond slurry. The hook‐shape was chosen because of the animal
model studied discussed in Chapter 4.48 The slurry was prepared by adding 0.3 g of 8 nm
diameter diamond powder to 90 mL of ethanol. The substrates were suspended in the
slurry for a 45 min. sonication and then cleaned with a 15 min. sonication in 200 proof
ethanol. The straight wire section of the substrate was threaded into a quartz capillary
mask to provide mechanical support and limit growth to the desired hook area,
Figure 5.8.160 Each hook‐shaped wire protruded 2‐3 mm from the end of the capillary,
and the tip of the hook positioned 11‐12 mm from the hot filaments during diamond
growth. The total distance from the filaments to the closest edge of the capillary mask
was 14 mm. No heat sink was used in this growth process.
Diamond was deposited in a hot‐filament chemical vapor deposition reactor at
20±0.1 torr, 0.9% CH4 and 40 ppm in H2, and a filament temperature of 2000±10°C. The
growth time was varied to investigate optimal conditions for flexibility and quality. The
entire growth and reactor cleaning procedures were described in Section 2.2.
5.4.2 Growth Optimization
Diamond was grown on a 150 m diameter Mo/Re wire at the previously
described growth conditions (flexible growth conditions), Figure 5.9a. The resulting film
showed small, cauliflower‐shaped faceting indicating low quality; however, the
substrate remained flexible after growth in uncoated regions.
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Growth conditions were changed to attempt to increase the film quality, by
placing the substrate 3 mm closer to the filaments (high‐quality growth conditions). The
shorter substrate‐to‐filament distance produced larger faceting consistent with higher
quality diamond, Figure 5.9b; however, these samples fractured after applying a shear
stress in uncoated regions.
Raman spectra (Figure 5.10) confirmed the change in quality that was observed
in ESEM images. The diamond film at flexible growth conditions had a sharp sp3 peak
with a broad sp2 peak; the diamond film grown at high‐quality growth conditions had a
sharp sp3 peak with almost no sp2 peak. Comparing the two peaks at 1550 cm‐1 indicates
that the diamond grown at high‐quality growth conditions had less sp2 content than
diamond grown at flexible growth conditions.
As a control, to confirm the reduction in flexibility was caused by carbon
incorporation, as hypothesized from the phase diagrams, the substrate was exposed to
growth conditions (i.e., high filament temperature environment) under pure H2 for
4 hrs. Carbon deposits in the reactor were removed before control runs by thoroughly
cleaning the reactor and not carburizing the filaments. In an H2‐only environment,
substrates at the flexible‐quality growth conditions remained flexible after this
treatment; however, substrates exposed to the carbon‐free, high‐quality growth
conditions became brittle. Thus, besides carbide embrittlement, H2 embrittlement also
occurred for high quality growth regions because of a more enriched atomic hydrogen
environment.
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Flexible points
of interest

Figure 5.8: Substrate orientation in the diamond reactor for growth of flexible
substrates. The substrate is preshaped and held in place by a quartz mask. The top of
the hook substrate, protruding 2‐3 mm from the top of the quartz mask, is placed
11‐12 mm from the filaments. The quartz mask is 14 mm from the filaments. No heat
sink is used in the growth on these substrates.
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Figure 5.9: Diamond films grown at (a) flexible growth conditions compared to diamond
films grown at (b) high‐quality growth conditions. (a, expanded) Small sized crystals
were observed, indicating low quality growth, but the substrate was flexible in uncoated
regions. (b, expanded) Large sized crystals were observed, indicating high quality
growth, but the substrate was inflexible in uncoated regions.
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Figure 5.10: Raman spectra comparing the diamond films grown at flexible growth
conditions and high‐quality growth conditions (displayed in Figure 5.6). The diamond
film from the flexible growth conditions had more sp2 content than the high‐quality
growth conditions.
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Figure 5.11: Diamond was grown on a Mo/Re substrate at flexible growth conditions,
and it was bent over 90° over the diamond portion of the film. A crack was observed in
the film. The film did not delaminate, and (expanded) the underlying substrate
appeared undamaged.
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Video 5.1: The flexible states of Mo/Re and W are qualitatively shown, in comparison to
the animal movements. (Click on blue screen to activate video).

165

Even though flexible growth conditions resulted in a lower quality diamond film,
the high‐quality growth conditions resulted in an inflexible electrode primarily due to H2
embrittlement. Thus, for the applications of interest in this thesis, diamond film quality
was sacrificed to achieve high flexibility. All films were grown at the described flexible
growth conditions unless otherwise specified.
5.4.3 Qualitative Flexibility of the Substrates after Diamond Growth
The flexibility of underlying Mo/Re in the diamond coated region was
qualitatively investigated by bending the wires by hand. Even though the diamond film
was not expected to bend, this process tested the ductility of the underlying substrate
and the adhesion of the diamond film to the substrate. The substrate bent over 90°. The
diamond film did not delaminate, but it did crack as expected (Figure 5.11). No cracks
were observed in the underlying Mo/Re substrate (Figure 5.11, expanded).
At normal growth conditions, diamond films were successfully grown for various
growth times on Mo/Re, W/Re, W/3Re, and W (tungsten). W, a traditional substrate for
diamond growth, was a control. The flexibility of each substrate was initially assessed by
qualitative measurements. Mo/Re was the most flexible, being able to withstand many
bending movements over 90°. W/Re was slightly less flexible, breaking slightly after
some movement, but not completely fracturing until more force was introduced. W was
inflexible, but able to be handled gently. Finally, W/3Re was inflexible and would break
with a minor perturbation. The W/3Re broke upon the removal from the quartz mask,
and thus was not pursued further as a viable substrate for characterization tests. The
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flexibility of Mo/Re and W are qualitatively demonstrated, and put in context of the
anticipated animal movements during implantation, in Video 5.1.
5.5

Characterizing the Diamond Film on Flexible Substrates
These new diamond electrodes were analyzed by SEM, Raman spectroscopy,

SCV, and bend‐to‐fracture testing with fracture images. In addition to the previously
described analysis techniques (SEM, Raman spectroscopy, and SCV: Section 2.4), bend‐
to‐fracture testing analysis and fracture images were obtained to determine the
maximum bend rotation as a measure of flexibility of the uncoated substrate after
diamond growth.
The diamond films were grown at flexible growth conditions on Mo/Re and
W/Re, and they were compared to a diamond grown on W at the same growth
conditions. A 125 m diameter wire was used for much of the analysis, with exception
that a 50 m diameter wire was used for filament age and fracture images. Samples
with 4 hr, 8 hr, and 20 hr growth times were used for analysis with a 30 min nucleation
stage for each growth. In addition, an H2‐only environment control run, for 4 hrs at
growth temperatures, was conducted for each substrate.
The variables that were focused on when evaluating the film quality and
substrate flexibility were the growth time (Table 2.1 #13), substrate (Table 2.1 #1), and
filament age (Table 2.1 #10).
5.5.1 Scanning Electron Microscopy Results
Scanning Electron Microscopy (SEM) determined the crystal size of the deposited
film. To evaluate the effect of growth time, a diamond film was grown on Mo/Re for
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increasing growth time, as observed in Figure 5.12 (10k zoom) and Figure 5.13
(30k zoom). No crystals were observed from a H2‐only growth environment, Figure
5.12a and Figure 5.13a. The crystal size increased as growth time increased, from an
average size of 0.5 m for a 4 hr growth to 2.0 m for a 20 hr growth (Figure 5.12b‐d
and Figure 5.13b‐d). The changes in film thickness were not quantified, but the larger
crystal size indicated thicker growth consistent with typical columnar growth of CVD
diamond in CH4/H2 mixtures.2,17,21,24
To evaluate the effect of substrate choice on crystal size, diamond was grown on
all three substrates for a 4 hr growth time, observed in Figure 5.14 (10k zoom) and
Figure 5.15 (40k zoom). The diamond crystal size was similar on all three substrates,
indicating similar quality and film thickness. The crystal size, similar on the rhenium alloy
substrates and tungsten (control), indicated that the diamond film had similar adhesion,
low film stress, and quality.
For the last variable, filament age, diamond was deposited on a 50 m diameter
Mo/Re wire for the 1st run of the filaments (“before‐growth” filament age of 0 hrs) and
for the 6th run of the filaments (“before‐growth” filament age of 22.5 hrs), observed in
Figure 5.16. The crystal size increased as the filament age increased, indicating that the
quality also increased. This increase in crystal size could be due to an increase of active
carbon content in the reactor. Two theories could lead to an increase in active carbon
content. First, carbon could sublime off the filaments and deposit on the diamond
surface.88 Second, a decrease in the reaction between the methyl radicals and the older
filament surface could occur.131,133 Neither theory was tested.
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Figure 5.12: SEM images, 10k zoom, of diamond films grown on 125 m diameter
Mo/Re substrates for different growth times: (a) H2‐only, (b) 4 hr, (c) 8 hr, and (d) 20 hr.
No diamond crystals were observed after the H2‐only run. The crystal size increased as
growth time increased.
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Figure 5.13: SEM images, 30k zoom, of diamond films grown on 125 m diameter
Mo/Re substrates for different growth times: (a) H2 only, (b) 4 hr, (c) 8 hr, and (d) 20 hr.
No diamond crystals were observed after the H2‐only run. The crystal size increased,
from an average size of 0.5 m to 2.0 m, as growth time increased.
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Figure 5.14: SEM images, 10k zoom, of diamond grown for 4 hrs on different substrates:
(a) Mo/Re, (b) W/Re, and (c) W. All three substrates have equivalent crystal size.
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Figure 5.15: SEM images, 40k zoom, of diamond grown for 4 hrs on different substrates:
(a) Mo/Re, (b) W/Re, and (c) W. All three substrates have equivalent crystal size.
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Figure 5.16: SEM images of diamond films grown for 4 hrs on a 50 m Mo/Re substrate
for the 1st growth of the filaments (filament age “before‐growth” of 0 hrs) and the 6th
growth of the filaments (filament age “before‐growth” of 22.5 hr). The crystal size on
the 6th growth of the filaments was larger than the 1st growth of the filaments,
indicating a higher quality film.
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5.5.2 MicroRaman Spectroscopy Results
Raman spectra were taken over multiple samples and growth times to verify the
quality observed in SEM images by comparing the sp3 (diamond, 1332 cm‐1) to sp2
(graphite, 1550 cm‐1) content.54,92-95,147 Each displayed scan was averaged over three
samples and three scans per sample (nine scans total). All scans on the same graph are
normalized to the sp3 peak therefore differences in other peaks can be compared
directly.
The Raman spectrum of a diamond film grown for 4 hrs was similar on all three
substrates, Figure 5.17, indicating similar quality on all three films. Mo/Re and W/Re
were viable substrates for high‐quality diamond growth since the scans of these two
substrates were similar to the control, W.
Raman spectra were taken of diamond films grown on 125 m diameter Mo/Re
wires for increasing growth times, Figure 5.18. As the growth time increased, the sp2
content decreased with respect to sp3 content, consistent with the larger sized crystals
observed in Figure 5.12 and Figure 5.13. As expected, the H2‐only control scan showed
no carbon content on the surface, which verified it as a proper control run at growth
temperatures. The film from a 20 hr growth time had a different Raman spectrum than
the 4 hr growth time, with new peaks appearing which were centered at 550 cm‐1 and
1200 cm‐1. This change is indicative of either a higher boron‐doping concentration or
depositing polyacetylene into the deposited diamond film.23,92,94
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Figure 5.17: The Raman spectra of 4 hr grown diamond films on Mo/Re, W/Re, and W.
The Raman spectra from the diamond film grown on all three substrates are similar,
indicating that the sp3/sp2 ratio for the three substrates were the same.
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Figure 5.18: The Raman spectra of diamond grown on Mo/Re while varying the growth
time. No carbon was present on the H2‐only run, verifying the control. As growth time
increased, sp2 content decreased with respect to sp3 content. Two new peaks occurred
at the 20 hr growth run, indicating a significant change in the deposited film.
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Figure 5.19: The Raman spectra of a 4 hr diamond growth on 50 m diameter Mo/Re
wires for the 1st run of the filaments (filament age “before‐growth” of 0 hrs) and the 6th
run of the filaments (filament age “before‐growth” of 22.5 hrs). The two profiles were
similar.
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Figure 5.20: The Raman spectra of a 8 hr diamond growth on 50 m diameter Mo/Re
wires for the 1st growth of the filaments (filament age “before‐growth” of 0 hrs) and the
6th growth of the filaments (filament age “before‐growth” of 42.5 hrs). The two profiles
were significantly different, with the 6th growth of the filaments similar to a Raman
profile for a 20 hr diamond growth time for the 1st run of the filaments.
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Figure 5.21: Raman spectra of a 4 hr growth on a Mo/Re wire over the hook region
(2‐3 mm above the quartz mask) and the lead region (right above the quartz mask). The
lead section had slightly more sp2 content than the hook region, indicating a lower
quality diamond. This implied a gradient of quality of the diamond film as distance
increased from the filaments.
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Figure 5.22: Raman spectra of an 8 hr growth on a Mo/Re wire over the hook region
(2‐3 mm above the quartz mask) and the lead region (right above the quartz mask). The
lead section had slightly more sp2 content than the hook region, indicating a lower
quality diamond. This implied a gradient of quality of the diamond film as distance
increased from the filaments.

180

Figure 5.23: Raman spectra of a 20 hr growth on a Mo/Re wire over the hook region
(2‐3 mm above the quartz mask) and the lead region (right above the quartz mask). The
lead section had slightly more sp2 content than the hook region indicating a lower
quality diamond. This implied a gradient of quality of the diamond film as distance
increased from the filaments. The gradient was largest at 20 hrs. Also, the peak at
1210 cm‐1 increased and the peak at 500 cm‐1 decreased as the distance from the
filaments increased.
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Raman spectra were used to verify the trends from varying the filament age. A
4 hr diamond growth was conducted on 50 m diameter Mo/Re wires for the 1st run of
the filaments (filament age ”before‐growth” of 0 hrs) and the 6th run of the filaments
(filament age “before‐growth” of 22.5 hrs). The Raman spectra of the two profiles are
similar (Figure 5.19). To further investigate the effect of filament age at larger growth
times, an 8 hr diamond growth was also conducted on 50 m diameter Mo/Re wires for
the 1st run of the filaments (filament age “before‐growth” of 0 hrs) and the 6th run of the
filaments (filament age “before‐growth” of 42.5 hrs). The longer growth time magnified
the effect of varying the filament age. The Raman spectra of these two films were
different, indicating a more drastic change in the diamond films (Figure 5.20). The
Raman spectrum of the 6th run of the filaments for an 8 hr growth was similar to a 20 hr
diamond growth for the 1st run of the filaments.
Raman spectroscopy was also used to assess the variability in the quality of the
diamond film between the hook section (upper‐most section of the electrode) and the
lead section (the area right above the quartz mask). The lead, typically 2‐3 mm below
the hook section, should have lower quality growth (more sp2 content) than the hook.
Since both graphs were normalized at 1332 cm‐1 so the sp2 peak could be directly
compared. Raman spectra were taken of diamond films grown on Mo/Re for 4 hrs
(Figure 5.21), 8 hrs (Figure 5.22), and 20 hrs (Figure 5.23). At each growth time, higher
sp2 content was observed at the lead section. As the growth time increased, the
differences between the lead and hook regions also increased, with the largest
difference between the hook and lead regions occurring at the 20 hr growth.
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Taking the area under the curve of the spectra obtained would be a direct
method of comparing these samples. However, the 20 hr growth is indicative of higher
boron concentrations with the addition peaks centered at 550 cm‐1 and 1200 cm‐1.23 The
boron concentration also alters the sp3 (1332 cm‐1) and sp2 (1550 cm‐1) peak intensities
and widths.43 In addition, different crystalline structures of sp2 can appear in the Raman
spectra altering the intensity and full width‐half max of the peaks, and each carbon
crystal structure has a different sensitivity towards Raman spectroscopy.54,88,92-95 These
peaks and crystalline structures will have to be characterized before direct comparisons
can be made.
In conclusion, the Raman spectroscopy data confirmed the trend in crystal size
observed in the SEM images. Diamond films deposited for a 4 hr growth time on various
substrates were similar. The sp2 content of the diamond film decreased with respect to
the sp3 content as the growth time and filament age increased. Finally, the diamond
grown in the hook region (2‐3 mm above the quartz mask) had a lower sp2/sp3 ratio
than the lead region (just above the quartz mask), indicating a quality gradient along the
diamond film as distance from the filaments increased during growth.
5.5.3 Slow Scan Cyclic Voltammetry
Slow scan cyclic voltammetry (SCV) was conducted on all three substrates, after
4 hr and 20 hr diamond growth times, in a 100 M dopamine in phosphate‐buffered
saline (PBS). SCV confirmed that no metal was exposed (i.e., a complete diamond film
with no pinholes) and that the diamond film exhibited electrochemistry as previously
reported, with a wide potential window and strong affinity for the dopamine redox
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reaction. For clarity, it is noted that the more lightly shaded scan on each CV is the first
scan in the series.
First, SCV evaluated the diamond films grown for 4 hrs on 125 m diameter
Mo/Re, W/Re, and W wires. The SCV scan of the diamond film on Mo/Re showed a small
potential window (1.7 V between oxygen and hydrogen evolution) and no dopamine
redox response, Figure 5.24. The relatively high baseline currents suggested that either
the diamond quality was low or pinholes existed. The SCV of the diamond film on W/Re
showed a larger potential window, ‐2.0 to +2.0 V vs. Ag/AgCl (Figure 5.25), and an
oxidation and reduction peak of dopamine (Figure 5.25, inset). After several additional
scans at the large potential window, the dopamine reaction disappeared, Figure 5.26.
The loss of dopamine activity at the electrode was probably due to a low quality
diamond film or pinholes in the diamond film. The SCV of the diamond‐coated W
showed an equivalent large potential window to the diamond coated W/Re, except
there was no dopamine response (Figure 5.27). Some minor peaks (+0.05 and +0.35 V
vs. Ag/AgCl), possibly tungsten, appeared on the first several scans of the narrowed
potential applied (‐0.6 to +0.8 V vs. Ag/AgCl), Figure 5.27, inset. After several large
potential window sweeps, the minor peaks were no longer visible, indicating they were
unstable (Figure 5.28).
SCV evaluated the diamond films grown for 20 hrs on 125 m diameter Mo/Re
(Figure 5.29), W/Re (Figure 5.30), and W (Figure 5.31) wires. All three materials showed
a large potential window, wider than ‐2.0 to +2.0 V vs. Ag/AgCl. Also all three materials
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Figure 5.24: A cyclic voltammogram from a diamond‐coated (4 hr growth time) 125 m
diameter Mo/Re wire in 100 M dopamine in PBS. A small potential window was
observed. Inset: No reactivity for dopamine was observed.
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Figure 5.25: A cyclic voltammogram from a diamond‐coated (4 hr growth time) 125 m
diameter W/Re wire in 100 M dopamine in PBS. A large potential window was
observed. Inset: Dopamine was successfully detected.

Figure 5.26: A cyclic voltammogram from a diamond‐coated (4 hr growth time) 125 m
diameter W/Re wire in 100 M dopamine in PBS solution after several scans at the large
potential window. The electrode no longer detected dopamine, which indicated an
unstable surface.
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Figure 5.27: A cyclic voltammogram from a diamond coated (4 hr growth time) 125 m
diameter W wire in 100 M dopamine in PBS solution. A large potential window was
observed. Inset: Minor oxidation peaks were evident, but dopamine was not detected.

Figure 5.28: A cyclic voltammogram from a diamond‐coated (4 hr growth time) 125 m
diameter W wire in 100 M dopamine in PBS solution after several scans at the large
potential window. The activity decreased, which indicated an unstable surface.
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Figure 5.29: A cyclic voltammogram from a diamond‐coated (20 hr growth time) 125 m
diameter Mo/Re wire in 100 M dopamine in PBS solution. A large potential window
was observed. Inset: Dopamine was reproducibly detected.
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Figure 5.30: A cyclic voltammogram from a diamond‐coated (20 hr growth time) 125 m
diameter W/Re wire in 100 M dopamine in PBS solution. A large potential window was
observed. Inset: Dopamine was reproducibly detected.
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Figure 5.31: A cyclic voltammogram from a diamond‐coated (20 hr growth time) 125 m
diameter W wire in 100 M dopamine in PBS solution. A large potential window was
observed. Inset: Dopamine was reproducibly detected.
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had strong and stable dopamine redox responses (Figure 5.29, inset, Figure 5.30, inset,
and Figure 5.31, inset). The electrochemical activity of the diamond film grown for
20 hrs on all three substrates had equivalent potential windows and electrochemical
dopamine response.
The SCV evaluation showed that the 4 hr growth time was too short to obtain a
high‐quality, complete diamond film with “good” electrochemical activity. The diamond
film grown for 20 hrs on 125 m diameter Mo/Re, W/Re, and W wires had a large
potential window and low baseline current expected from high‐quality microcrystalline
diamond; dopamine was successfully detected with these samples consistent with
literature.43
5.5.4 Bend‐to‐Fracture Rotation Test Results and Fracture Images
The substrate flexibility after growth was characterized by bend‐to‐fracture
testing and fracture images. The hooks were prepared for bend‐to‐fracture testing by
clamping the wire 3 mm below the top of the capillary mask, (i.e., in a region that was
within the capillary during diamond growth), Figure 5.32. This point was chosen because
it was approximately where the growth film (diamond and non‐diamond deposit)
ceased and where bare metal was observed, gauged by visual inspection under an
optical microscope. A cloth suture was glued to the wire at a point approximately 1.5
mm above the same capillary mask end (i.e., 4.5 mm above the clamp). The bend‐to‐
fracture test involved holding the wire vertically, and then pulling the suture
horizontally using an Enduratek Axial manipulator, thus bending the wire around the
clamped point. The maximum measureable bending angle using this setup was 90°.
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Figure 5.32: The hooks were prepared for bend testing by clamping the wire 3 mm
below the top of the capillary mask, (i.e., in a region that was within the capillary during
diamond growth). A cloth suture was glued to the wire at a point approximately 1.5 mm
above the same capillary mask end (i.e., 4.5 mm above the clamp). The wires were
pulled horizontally using an Enduratek Axial manipulator, bending the wire around the
top of the clamp.
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Figure 5.33: The bend‐to‐fracture rotation limit was determined for diamond grown on
125 m diameter Mo/Re, W/Re, and W wires for H2‐only, 4 hr, and 20 hr growth times.
Each data point was an average over three tests. The H2‐only growth runs exhibited the
maximum bend rotation of our testing equipment, a 90° bend rotation. At a 4hr growth
time, the maximum rotation before failure was 30° for W, 67° for W/Re and 90° for
Mo/Re. After a 20 hr growth time, the maximum rotation before failure was 21° for W
(9° decrease), 27° for W/Re (a 40° decrease), and 90° for Mo/Re.
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Figure 5.34: Fracture images of 125 m diameter W and W/Re wires broken by bending,
and a 50 m Mo/Re wire broken in tension. (a) Transgranular cleavage (brittle) fractures
were observed on W. (b) Some non defined plasticity existed on W/Re, but it also
contained (b, expanded) transgranular cleavage fractures smaller then the W sample.
(c) A ductile core surrounded by a non‐descript brittle region was observed on Mo/Re.
(c, expanded) Dimple (ductile) fracturing was also observed. The voids contained higher
rhenium content due to the natural formation of a sigma phase.
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The bend‐to‐fracture rotation was determined for diamond grown on 125 m
diameter Mo/Re, W/Re, and W wires for H2‐only, 4 hr, and 20 hr growth times,
Figure 5.33. Each data point was an average over three tests. The H2‐only growth runs
exhibited larger than a 90° bend capability on all three substrates, the maximum bend
rotation measurable by our equipment setup. The H2‐only control run was validated by
reaching the maximum measurable bend rotation, confirming that atomic hydrogen did
not induce the brittleness of the substrate at these growth conditions. The maximum
bend‐to‐fracture rotation before failure of the uncoated substrate after a 4 hr growth
was 30° for W, 67° for W/Re and 90° for Mo/Re. After a 20 hr growth time, the
maximum bend‐to‐fracture rotation was 21° for W (9° decrease), 27° for W/Re (a 40°
decrease), and 90° for Mo/Re. Mo/Re wires always reached the maximum bend
capability of the equipment, independent of growth time.
The bend‐to‐fracture rotation results were verified by investigating the fracture
surfaces, Figure 5.34. The W and W/Re surfaces were broken during the bending tests,
and a 50 m Mo/Re substrate was broken after the bending test by applying additional
tension. Transgranular cleavage (brittle) fractures were found on the W and W/Re
(Figure 5.34a and Figure 5.34b).161 Larger sized cleavage facets were observed on W
(Figure 5.34a, inset) compared to W/Re (Figure 5.34b, inset), indicating W was a more
brittle material and achieved a smaller bend‐to‐fracture rotation. W/Re showed some
non‐defined plasticity (Figure 5.34b) which indicated some ductility and a larger bend
angle.

Mo/Re

had

a

ductile

core

(Figure

5.34c)

with

dimple

fracturing

(Figure 5.34c, inset).161 The microvoid coalescence in the ductile region was found to
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have higher rhenium content than the bulk alloy, due to the natural formation of a
sigma phase.162,163 Even though the mechanical properties of the Mo/Re substrate
appeared to be unchanged, the diamond growth environment did affect the Mo/Re
substrate; the outer rim of the Mo/Re substrate (Figure 5.34c) exhibited non‐define
brittle features.
5.5.5 Conclusions about Diamond Film Characterization
The diamond growth was equivalent on all three substrates, Mo/Re, W/Re, and
W. The film quality increased as the growth time increased and the filament age
increased. A 4 hr diamond growth was found to be insufficient for electrochemical
activity, whereas a 20 hr growth had a large potential window and small baseline
current. Dopamine was also detected from a diamond film grown for 20 hrs on all three
substrates, and the signal was stable.
Although the diamond film was similar on all three substrates, Mo/Re, W/Re,
and W, major differences between the mechanical properties of the three substrates
were observed by bend rotation testing. Mo/Re was found to be the most flexible,
always achieving a maximum bend rotation. W was found to be the least flexible,
exhibiting clearly defined transgranular cleavage (brittle) fractures.
Diamond film deposited for 20 hrs on a Mo/Re substrate was found to be flexible
and have the highest quality film in all four qualification tests. The sample had large
crystal sizes, little sp2 content, good electrochemical activity, and maximum bend
rotation.
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Figure 5.35: Geometry of the hook electrode in relation to the quartz mask for
investigating the fracture images at different locations along the electrode. Point A is the
boundary between the curved and straight regions of the diamond coated substrate.
Point B indicates the quartz mask edge, where a significant drop in diamond thickness
occurs. Point C indicates the boundary between diamond growth (both diamond and
amorphous carbon deposit) and bare metal boundary, as seen visually using an optical
microscope (typically about 3 mm within the quartz capillary).
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Figure 5.36: Fracture images were investigated along a 50 m diameter Mo/Re wire
after a 4 hr diamond growth at flexible growth conditions. A dimple (ductile) fracture
core with a non‐descript brittle exterior was observed at Point A. The diameter of the
dimple fracture core increased as the distance from the filaments increased, Point B. At
Point C, the non‐descript brittle region was only 2.4 m wide (Point C, expanded).
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Figure 5.37: Fracture images were investigated along a 50 m diameter Mo/Re wire
after a 4 hr diamond growth at high‐quality growth conditions. Point A: A non‐descript
brittle section encompassed most of the cross sectional area; however, a small ductile
core existed. Point C: Most of the cross section was ductile, indicating a significant
decrease in brittleness as the distance from the filaments increased.

199

Figure 5.38: Fracture images were investigated along a 50 m diameter W wire after a
4 hr diamond growth at flexible growth conditions. Point B: The entire cross section is
characterized by transgranular cleavage (brittle) fractures. Point C: Again, the entire
cross characterized by section is transgranular cleavage (brittle) fractures, indicating the
ductility did not change as distance from the filaments increased.
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5.6

Ductility Changes along the Substrate: Fracture Images
Fracture images were investigated to determine if the ductility along the

substrate changed as the distance from the filaments increased. Three points of interest
were investigated (Figure 5.35), and determined by optical inspection using a
microscope. Point A was at the border between the curved and the straight parts of the
substrate, and it was also the glue site for fastening the suture in the rotation bend‐to‐
fracture testing. Point B was at the closest edge of the quartz capillary mask. A
significant drop in diamond thickness was optically visible with a microscope within the
quartz capillary mask. Point C was where bare metal was observed, such that no
diamond growth (diamond and carbon soot) occurred.
Fracture images were investigated along a 50 m diameter Mo/Re wire after a
4 hr diamond growth at flexible growth conditions (Figure 5.36). At Point A, a ductile
core with a nondescript brittle edge was observed. The diameter of the ductile core
increased for fracture points located progressively farther down the wire, until at
Point C, only a 2.4 m wide brittle region was observed.
Next, fracture images were investigated along a 50 m diameter Mo/Re wire
after a 4 hr high‐quality growth conditions (Figure 5.37). High‐quality growth conditions
involved placing the substrate 3 mm closer to the filaments during growth, as described
in Section 5.4. At Point A, the fracture cross section was almost completely brittle with a
small ductile core. At Point C, almost the entire sample was ductile, showing the
expected dimple fracture surface. A significant change in the fracture images between
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Point A and Point C indicated that the filament‐to‐substrate distance was critically
important.
Fracture images were investigated along a 50 m diameter W wire after a 4 hr
diamond growth at flexible growth conditions (Figure 5.38) to see if the ductility along W
also changed as the distance from the filaments increased. At Point A, brittle,
transgranular cleavage fractures were observed. Similar sized cleavage fractures were
observed at Point C, indicating that the brittle nature of the tungsten did not change,
even though there was negligible diamond growth/carbon deposition 3 mm below the
quartz mask.
The fracture images along the substrate indicated that Mo/Re became more
flexible when the diamond films were grown further from the filaments, while tungsten
stayed inflexible, regardless of growth conditions, 3 mm below the quartz wall (17 mm
from the filaments). Based on these images and the previous results, Mo/Re should be
flexible enough for implantation into a live behaving animal.
5.7

in vitro Results
Diamond was grown on two pre‐bent Mo/Re wires for 20 hrs to hook them on

the nerve, BN2, in vitro in Aplysia to verify the capability for detecting electrical neural
activity. The two wires, one to hook the nerve and one for electrical ground, were
insulated with nail polish and twisted together to reduce noise.
A buccal ganglion was isolated and pinned out, and the diamond electrode was
attached to BN2 using superglue. Refer to Section 2.5.1 for a description of the Aplysia
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Figure 5.39: in vitro BN2 recordings from a diamond‐coated (20 hr growth time) 125 m
diameter Mo/Re hook wire. At time of implantation, strong spontaneous activity was
occuring. At 31 hrs, occasional action potentials still were observed. No recordings were
obtained after 31 hrs, indicating that the ganglion died.
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Figure 5.40: ESEM images of the diamond hook ground used in detecting the electrical
activity of the buccal ganglion. Before Implantation: Clear faceting was observed on the
diamond surface. After Implantation: Images were taken after implantation without
rinsing. Salt crystal deposits were observed on the surface. No delamination was
observed, indicating a strong adhesion between the diamond and the substrate.
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and the role of BN2. Diamond recorded several action potentials generated by
spontaneous activity at 0 hrs and 31 hrs, Figure 5.39. Electrical activity was obtained for
31 hrs before the ganglion died.
ESEM images of the ground wire were compared before and after in vitro
recording (Figure 5.40). Before twisting the wires together and in vitro recording, a
complete diamond film with clear faceting was observed. After in vitro recording,
images were taken again without cleaning off the wire. A complete diamond film with
no delamination was still observed; small salt crystals deposited on the film surface. This
test also confirmed strong adhesion between the diamond film and the underlying
substrate.
5.8

Conclusions
A second generation diamond device suitable for in vivo use was fabricated by

investigating novel substrates for diamond growth. 52.5% molybdenum/47.5% rhenium
(v/v) was found to be the most flexible substrate, determined by bend‐to‐fracture
testing and verified by fracture images. A 4 hr diamond growth time was insufficient for
electrochemical activity, but a 20 hr growth time had reproducible and stable
electrochemical activity. The ideal criteria for quality and flexibility were flexible growth
conditions for 20 hrs on a Mo/Re wire. Diamond grown on this substrate at these
conditions successfully detected electrical activity in an in vitro setting.
A reproducible way to insulate the second generation electrode is still necessary.
Also, the current design of a hook electrode, ideal for wrapping around a nerve, should
be customized further for vertebrate neural work. Finally, these electrodes must be
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tested in an in vivo environment to ensure functionality (recording and mechanical
integrity) and determine chronic sensor behavior.
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6

Conclusions and Recommendations
This dissertation describes the characterization, development, and fabrication of

four diamond devices, three of them novel. The fabrication methods of 30‐m diamond
disk electrodes were investigated, and the diamond film characterized to create a
standard of quality for future electrodes. A new 2‐4 m diameter diamond
microelectrode tip was reproducibly fabricated by growing diamond at the end of a
hollow quartz capillary; electrical connection would be needed to utilize these tips as in
vitro microelectrodes. First‐ and second‐generation in vivo diamond electrodes were
created. The first‐generation diamond electrode device was constructed by cutting a
brittle diamond electrode and attaching it to a flexible insulated substrate. The second‐
generation diamond device was fabricated on a substrate that remained flexible after
diamond growth.
Characterization tests were established to help qualify the diamond film.
(Environmental) scanning electron microscopy (ESEM/SEM) images determined the
crystal size and investigated fractured surfaces. MicroRaman (Raman) spectroscopy
determined a qualitative sp3 (diamond) to sp2 (graphite) ratio, which correlated to the
density of grain boundaries in the film. Slow scan cyclic voltammetry (SCV) was used to
verify a large potential window and small base‐line current. SCV also determined that
the film did not have pinholes and exhibited expected electrochemical behavior towards
analytes. Fast scan cyclic voltammetry (FSCV) was used with microelectrodes to
measure the detection limit and electrochemical kinetics for redox reactions of various
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analytes. Finally, bend‐to‐fracture testing was used to quantify the flexibility of the
uncoated substrate after selective diamond growth.
After fabrication and characterization, three devices were tested in Aplysia
californica in vitro or in vivo environments. The 30 m diamond disk electrode measured
current that was possibly serotonin release from the metacerebral cell (MCC) into the I2
muscle (the primary muscle for protraction in the Aplysia californica). Although the
released amount was not quantified, a control (10 nM serotonin) produced a similar
current vs. time response. First‐generation in vivo diamond electrodes were implanted
successfully twice in an Aplysia californica, and recordings were obtained respectively
for 8 days and 12 days post surgery. Finally, the second‐generation in vivo diamond
electrode was implanted in vitro on a buccal nerve to verify electrical neural activity
could be detected.
Improvements can still be made to each individual device, and additional testing
can still be conducted to move these prototypes toward more optimized products. The
30 m diamond disk electrode lost sensitivity over time, and every effort to refabricate
a highly‐sensitive disk electrode failed. The 2‐4 m diamond disks do not have an
electrical connection to the tip, such that this device is nonfunctional until an electrical
connection can be established. In evaluating the first generation in vivo diamond device,
additional controls and increased replications are needed in Aplysia testing to
determine if diamond is a better material for chronic implantations than a standard
material (stainless steel). Finally, the second‐generation in vivo diamond electrode
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needs a reproducible insulation (material and coating process) before being implanted
chronically in an in vivo environment.
6.1

Improvements to the 30 m Diamond Disk Microelectrode
The 30 m diamond disk microelectrodes had a significant loss of sensitivity,

from 1 nM to 1 M detection limit, after the first several scans. The initial state of the
diamond surface that allowed for the detection of the 1 nM analyte concentration is
currently unknown. Additional investigation is needed into the cause of the high
sensitivity and why it is lost. Also, surface functionalization can be utilized to increase
the sensitivity of the diamond surface.
Other experiments show the utility of the 30 m diamond disk electrode despite
issues with maintaining 1 nM analyte sensitivity. Neurotransmitters or neuromodulators
other than serotonin, such as dopamine or histamine, can also be investigated using the
Aplysia californica animal model.
6.1.1 Replicating the High Sensitivity Electrochemical Measurements
It is unclear why sensitivity is lost after several scans. There are three leading
theories on why the electrodes lose sensitivity. 1) The termination group on the surface
changes from hydrogen to oxygen. 2) Metal contamination on the surface acts as a
catalyst for diamond growth. 3) High sensitivity arises from the grain boundaries, which
foul after the first several scans. These theories can never be tested until fabrication of
the highly sensitive electrode is replicated. From this work, we have come to realize that
subtle factors that were originally not accounted for in the fabrication process are
preventing these electrodes from being replicated.
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The disk electrode that was able to detect 1 nM analyte was a perfect disk‐
shaped electrode with large crystals and no rough amorphous carbon/diamond on the
quartz.41,42 Although attempted several times, this effect has never been reproduced.
This unique disk electrode detected 1 nM of various analytes measured.41,42 In an
attempt to replicate this highly sensitive disk electrode, three variables should be
investigated: air leak (Table 2.1 #U2), cool‐down (Table 2.1 #12), and growth time
(Table2.1 #13).
Air leaks may have been present when the original highly‐sensitive diamond
disks were fabricated.87 A leak would introduce oxygen or water vapor, causing an
increase in growth rate and quality.21,24,25 Oxygen acts as a catalyst for high‐quality
diamond growth without the need to increase the atomic hydrogen.25 The first stage of
testing this factor would include introducing small amounts of oxygen or water vapor in
a controlled amount.
The cool down procedure can be adjusted to add more graphitic content onto
the surface. Carbon, which tends to be more active in electrochemical detection than
diamond, could have been deposited on the diamond surface and then removed after
the first several voltammetric scans.2-5,23,49 Carbon can be deposited on top of the
diamond film by adjusting the cool down procedure to include both methane and
hydrogen instead of only hydrogen.
Finally, the growth time can be increased to increase the quality and have better
electrochemical activity at the surface, as discovered in Chapter 5 for diamond coating
on rhenium alloys. When large background currents are observed, it was expected that
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only through decreasing the growth time to grow diamond with smaller surface area
would reduce the noise. However, with proper cleaning procedures, diamond growth
was made increasingly selective, isolated to the tungsten portion of the disk electrode,
allowing for longer growth times without disproportionately increasing the surface area.
This led to increased crystal size and better electrochemical behavior.
After adjusting these three variables independently, if high sensitivity is
achieved, tests in a flow cell environment should be conducted. The first experiment
should be a current vs. scan rate plot to determine if adsorption is occurring [Eq. 2.1 and
Eq. 2.2]. Other electrodes in the same growth run should be analyzed with Raman
spectroscopy, XPS, and SEM to identify which characteristic is necessary for the high
sensitivity.
6.1.2 Surface Modification of Diamond with Sulfophenyl Groups
Modification to the diamond surface can enhance analyte detection by adding
electrostatic attraction between the surface and the analyte.96 Many different
modifications to the surface can be made, depending on the application and analyte of
interest. Sulfophenyl groups have been shown to have a good affinity towards serotonin
and dopamine detection. Preliminary results were obtained, with the assistance of
Jessica Schreiber, by attaching a sulfophenyl group to the diamond disk electrode.
Sulfophenyl groups were attached to the diamond surface using standard
diazonium salt chemistry, electrochemically reducing 4‐sulfosodiumbenzenediazonium
tetrafluoroborate, Scheme 6.1.164,165 The synthesis procedure for this diazonium salt was
previously reported by Hermans et al.96 For surface attachment, 1 mM of the sodium
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sulfonate diazonium salt was dissolved in 0.1 M H2SO4. The diamond electrode was
cycled three times at 50 mV/s from +0.2 V to ‐1.0 V vs. Ag/AgCl. A reduction peak
occurred, as expected, around ‐0.65 V vs. Ag/AgCl.96
Scheme 6.1
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The sulfophenyl group was electrochemically attached to two diamond
microelectrodes and one macroelectrode. Figure 6.1a shows the reduction peak for
attachment at one microelectrode. X‐ray photoelectron spectroscopy (XPS) verified
sulfophenyl attachment to the macroelectrode, Figure 6.1b; the sodium 1s and sulfur 1s
peaks were comparable in size, consistent with the stoichiometry.
Dopamine and serotonin were detected at the sulfophenyl‐terminated diamond
microelectrodes. Figure 6.2 shows the voltammogram and time varying current for
detection of 20 M dopamine. The kinetic irreversibility increased, EP = 1.034 V, as
compared to the oxygen‐terminated (conditioned) electrode, EP = 0.805 V (Figure 4c).
Slight curvature in the current vs. time profile suggested adsorption, but the large EP is
consistent with a diffusion rate limiting case. The rate limiting step (RLS) [Eq. 2.1 and
Eq. 2.2] was determined for both dopamine, Figure 6.3a, and serotonin, Figure 6.3b.
Both still follow a diffusion rate limiting case, even though the diamond electrode’s
sensitivity increased.
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Figure 6.1: Surface attachment of a sulfophenyl group to diamond electrodes. (a) The
slow scan cyclic voltammogram of a microelectrode, with a reduction peak at +0.7 V vs.
Ag/AgCl, indicated successful attachment. (b) An X‐ray photoelectron spectroscopy
(XPS) spectrum of a macroelectrode confirmed attachment of the sulfophenyl group.
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Figure 6.2: Detection of 20 M dopamine at a sulfophenyl‐terminated diamond
microelectrode. (a) The cyclic voltammogram (taken at 13.1 ms) displayed a wider
EP = 1.034 V than for the conditioned electrode; the S/N was 1040.2, consistent with a
higher sensitivity for dopamine. (b) The current vs. time plot taken at +0.805 V vs.
Ag/AgCl showed curvature suggestive of adsorption.

Figure 6.3: Fitted current data vs. square root of scan rate showing a diffusion‐limiting
current after attachment of the sodium sulfophenyl groups for both (a) serotonin and
(b) dopamine. Each point represents an average of two scans, five cycles per scan.
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The overall sensitivity limit towards dopamine and serotonin increased about
10‐fold; however, detection limits did not reach a 1 nM detection limit. This increase in
sensitivity might be enough to reproducibly detect neurotransmitter release in Aplysia
californica.
6.1.3 Detecting Other Neurotransmitters in the Aplysia
In addition to serotonin, dopamine, histamine, and nitric oxide have known
neural release sites throughout the Aplysia californica. Dopamine, histamine, and nitric
oxide can be detected using FSCV, and the electrochemical reactions of these
neurotransmitters are simpler than serotonin.
Several neurons in the Aplysia californica have large concentrations of
dopamine, including buccal neuron 20 (B20) and buccal neuron 65 (B65) within the
buccal ganglion.166-168 B65 is known to have increased activity associated with a longer
biting phase, and the addition of dopamine excites B65.167,168 Therefore, dopamine
might be released at the soma of B65 during strong protractions. Diamond can be used
to probe B65 or B20 for dopamine release after intracellular stimulation or esophageal
nerve shock using the 30 m diamond disk electrode.40,42,43,56,167,168 Fluorescent dyes
can be utilized to ensure the proper placement of the diamond electrode for chemical
detection at the exact release site.
Several neurons in the Aplysia californica contain histamine, including the C2
neuron and two neighboring neurons in the E‐cluster within the cerebral ganglion.169-173
The C2 neuron, which contains both histamine and nitric oxide, has neural release sites
through the cerebral ganglion, including to the MCC.169-171 These neurotransmitters are
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involved with the memory functions of eating and swallowing behavior.173 Both nitric
oxide and histamine can be distinguished electrochemically with a boron‐doped
diamond microelectrode.3,44 These two neurotransmitters can be investigated using the
30 m diamond disk electrode in an in vitro environment to determine the
concentration of neurotransmitter release upon the excitation of the C2 neuron.
6.2

Improvements to the 2‐4 m Diamond Disk Microelectrode
Diamond disks, 2‐4 m in diameter, were grown at the tip of hollow quartz

capillaries; however, an electrical connection was never obtained. Tungsten and
platinum were deposited on the inside of the capillary from a suspension (see
Chapter 3). The deposited metal did not adhere strongly to the quartz capillary, and it
did not plate to the tip. Copper was successfully plated to the tip from a dissolved
solution; however, the copper melted in the reactor at growth conditions. Depositing
tungsten from a vapor is being investigated to create the electrical connection to the tip.
If successful, this diamond microelectrode will be sufficiently small (<5m diameter) to
enable intracellular probing of serotonin concentrations, e.g., in the metacerebral cell
(MCC).
6.2.1 Chemical Vapor Deposition of Tungsten inside a Hollow Quartz Capillary
A chemical vapor deposition (CVD) process inside the capillary was developed to
successfully deposit metal uniformly in small spaces (i.e. to the capillary tip).174,175
Tungsten hexacarbonyl (W(CO)6) will readily decompose, under hydrogen and heat, to
deposit tungsten.174 Preliminary results of this process were obtained with the
assistance of Daniel Engel and Cliff Hayman.
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Figure 6.4 Process flow diagram of the tungsten CVD reactor. Designed and built by
Daniel Engel and Cliff Hayman.

Figure 6.5: Schematic of the connection between gas feed, quartz capillary, and W(CO)6
reservoir. Designed and built by Daniel Engel and Cliff Hayman.
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Figure 6.6: ESEM images of tungsten deposited on the outside of a quartz capillary after
the diamond growth process. No diamond growth was expected because the capillary
was not seeded for growth. The tungsten film remained intact after the growth process.
(a,b) Tungsten was deposited on the outside of the quartz capillary. (b) The internal
capillary, which pulls fluid to the tip by capillary action, is observed. (c) Tungsten is
peeling off the surface of the quartz wall.
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A CVD reactor was built to deposit metal inside a pulled quartz capillary in a
hydrogen environment (Figure 6.4). Hydrogen was fed into the reactor through a quartz
tube with a W(CO)6 reservoir at one end and a X‐Y‐Z adjustment on the other end
(Figure 6.5). The pulled quartz capillary substrate was connected/sealed at the W(CO)6
reservoir, the pulled section of the capillary inserted into the cavity of a heater to
decompose the W(CO)6.
Tungsten was successfully deposited on several pulled quartz capillaries. These
capillaries were then broken because of mishandling. Also, the coating was not limited
to the inside of the capillary but also extended onto the exterior, as confirmed by Energy
Dispersive X‐ray Spectroscopy (EDX).
Several samples were loaded into the HFCVD reactor to expose the tungsten
deposit to diamond growth conditions. Figure 6.6 shows three examples of tungsten‐
coated quartz capillaries after the diamond growth process; no diamond was observed
on the sample because the tungsten‐coated surfaces were not seeded for diamond
growth. Figures 6.6a and 6.6b show a broken capillary tip with tungsten deposited on
the outside. The internal capillary, which helps pull fluid to the tip by capillary action,
can also be seen in Figure 6.6, Figure 6.6c shows tungsten peeling off a portion of the
exterior capillary, calling into question the strength of adhesion between the quartz and
tungsten.
The tungsten deposit through CVD appears to be an effective way of creating an
electrical connection to the tip of a diamond‐coated hollow quartz capillary. Two critical
issues that will be addressed next are (1) limiting tungsten plating to the inside of the
219

capillary and (2) ensuring that the capillaries do not break during processing. After these
two problems are solved, diamond will be deposited on the tip using similar techniques
as for the 30 m diamond disk electrodes.
6.2.2 Intracellular Voltammetry in Aplysia californica
The Aplysia californica is an excellent animal model to test the functionality of
the 2‐4 m disk electrode as an intracellular device. The baseline concentration of
serotonin in the MCC of the Aplysia has already been identified by intracellular
differential pulse voltammetry (DPV) using carbon fiber or platinum microelectrodes.7678,104-106

The MCC releases 38 ± 24  serotonin upon a train of action potentials, and

this can be monitored directly with fast scan cyclic voltammetry (FSCV).76-78,104-106 With
the sensitivity and specificity of FSCV, the serotonin concentration change within the
MCC after one action potential could be determined. The intracellular voltammetry of
other cells could also be investigated if the electrode could be designed smaller (1 m in
diameter).
6.3

Improvements to the First‐Generation in vivo Diamond Electrode
Diamond electrodes were successfully implanted for chronic recording in two

separate implantations (Chapter 4). The recordings from both implantations supported
that diamond may perform better chronically than a stainless steel electrode. However,
the variability in the connection to the external equipment, through male gold pins,
could have undermined the statistical significance in the difference of the two materials
observed from the data collection. Since the male gold connectors were held together
with paper tape and stored in sea water, a salt bridge could have formed between the
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recording and ground pins, which would cause a electrical short in the recording
obtained. An improvement to this connection and additional controls are necessary to
better test whether diamond and stainless steel exhibit significantly different
performance as recording electrodes in chronic implantation.
6.3.1 Adjustment to the Connection with External Equipment
Variations in the connection of the electrodes to external equipment showed a
large amount of statistical significance (Chapter 4). This connection must be
standardized to eliminate uncontrollable variables (such as salt bridge formation).
Adding a silicone coating on the outside of the paper tape should remove the possibility
of sea water and salt crystals absorbing into the paper tape (Figure 6.7). Also, the
silicone‐coated paper tape should be immersed in distilled water for 2 min and then
immersed in ethanol for 2 min before being connected to the equipment. After the male
gold pins are connected, they should be air‐dried for 20 min. This thorough method of
rinsing followed by air‐drying should remove the possibility of a salt bridge forming
between the male gold pins. This new connection should be retested to ensure
measurement reproducibility. After the connection to external equipment is enhanced
and verified to be reliable, more in vivo experiments are necessary with appropriate
controls.
6.3.2 Additional in vivo Experiments with Controls
Chronic recording from over 3 animals with the same statistical trend must be
observed to draw any conclusions about the difference in implanted electrodes.
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Figure 6.7: Silicone is added to the outside of the male gold connectors held in place by
paper tape. The solder connects the gold pins to the stainless steel wire. Tape is added
as extra mechanical stability for the soldering joint. Silicone is added to reduce the
amount of absorbed sea water and reduce the likelihood of a salt bridge forming
between the male gold pins.
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Also, additional controls are necessary to ensure that the observed differences in
recordings are caused by material differences and not another undefined variable. Two
stainless steel electrodes should be implanted in the same fashion as the test
experiment. Ideally, the amplitude and signal recorded by these two electrodes should
be identical. Any variation would be attributed to a change in another variable. After
several successful control surgeries (with the same material, stainless steel, being
implanted and compared), more reliable conclusions can be made about the test
surgeries (comparing diamond to stainless steel).
6.4

Improvements to the Second‐Generation in vivo Diamond Electrode
Diamond was successfully grown on a substrate that remained flexible after the

diamond growth process (Chapter 5). This device consisted of a high‐quality diamond
film with expected electrochemical activity (large potential window, small baseline
current, and dopamine redox activity). However, a reproducible way to insulate the
diamond device is still necessary to make this electrode fully functional for chronic
implantations in an animal model. Also, only a hook‐shaped device was fabricated, but
other shapes can be investigated for additional applications.
6.4.1 Applying Insulation
A stable insulator is needed to complete the construction of an implantable in
vivo diamond electrode. The two previously published in vivo devices used glass or
nonconductive diamond to insulate their electrodes, both inappropriate for our
design.6,57 Various insulators have been investigated, including electrophoretic paint,
polyimide, nail polish, and other forms of resin.2,3,7-9 However, all of the previously
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investigated insulating methods for diamond microelectrodes were not geometrically
reproducible. This was one of the main ongoing complications in diamond electrode
development.9 Thus, an insulating method with geometric reproducibility needs to be
developed.
6.4.2 Cone‐shaped in vivo Electrodes
The hook‐shaped electrode was developed specifically to wrap around a nerve of
Aplysia californica. However, other shapes can be utilized depending on the in vivo
application. For example, a cone‐shaped electrode (a tapered needle) is more desirable
for vertebrate brain work. This needle can be inserted, with minimal tissue damage, into
the desired location. Preliminary work has been conducted to develop a cone‐shaped
electrode.
125 m W/Re and Mo/Re wires were electrochemically etched in a 3 M KOH
solution at 10 V AC 60Hz for 30‐60s (Figure 6.8a and Figure 6.9a). The etched W/Re wire
acquired the shape of a calligrapher’s pen (Figure 6.8) because of the natural properties
of the alloy.163 The etched Mo/Re wire was pitted and with holes (Figure 6.9) because of
non‐uniform etching from the composition variability within the alloy.163 Diamond was
grown on both samples for 20 hrs, resulting in a high quality diamond film (Figure 6.8b
and Figure 6.9b). The resulting coated wire has a much larger diameter than the initial
wire (4‐5 times larger) because of the large crystals deposited. These electrodes were
insulated with nail polish enamel (Figure 6.8c and Figure 6.9c). Both electrodes were
tested with slow scan cyclic voltammetry and found to be functional.
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Figure 6.8: ESEM images of cone‐shaped W/Re wires. (a) Before diamond growth, after
the wire was electrochemically etched, resulting in a shape similar to a calligrapher’s
pen. (b) After diamond growth, the resulting diameter was 5 times larger than the bare
wire. (c) Nail‐polish insulation was applied after diamond growth.
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Figure 6.9: ESEM images of cone‐shaped Mo/Re wires. (a) Before diamond growth, after
the wire was electrochemically etched, resulting in pits on the surface. (b) After
diamond growth, the resulting diameter was 5 times larger than the bare wire. (c) Nail‐
polish insulation was applied after diamond growth.
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A shorter growth time would result in undesirable (lower) diamond quality;
however, the longer growth made the diameter too large. This is a common problem
that has been tackled by several researchers.2,3,7-9,11 The most effective method to
reduce crystal size without sacrificing electrochemical activity is to bias the substrate
during diamond growth, which results in nanocrystalline diamond.7,8 This process should
be investigated to reduce the surface area and diameter.
6.5

Recommendations for Future Work
Many accomplishments have been achieved in development of new diamond‐

based neural devices; however, there are remaining challenges. Ideally, a single device
would be able to record electrical activity, detect neurotransmitters, and stimulate
neural activity. The work described in this thesis tested the device for recording
electrical activity in vivo, but the other components need to be tested independently.
After each component is tested individually, they can be packaged together.
Appropriate software and hardware will need to be implemented to account for the
grounding issues when combining the recording of neurotransmitters and electrical
activity. Also, high speed, low‐noise switching is necessary between all three
components will need to be implemented.
It should be possible in the future to wirelessly communicate with and control all
three components, removing the need for a flexible wire. Preliminary experiments have
been conducted to create a wireless device for fast scan cyclic voltammetry.176 But the
device needs to be expanded to provide stimulating and electrical recording capabilities.

227

The ideal device for clinical applications is an implantable, wireless diamond
microelectrode that can record electrical activity, detect neurotransmitters, and
stimulate neural activity. This dissertation served as a strong step in the direction of
understanding diamond neural devices and towards the fabrication of such long‐term
clinically relevant devices.
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